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PR E FAC E

The number of meteorological rocket soundings to altitudes between 30 and 100 km

has now passed the 10,000 mark. One of the key elements in the success of these

soundings is the sensor, or the means of obtaining useful measurements of the tempera-

tures, densities or pressures, and winds for studies of the structure and behavior of the

upper atmosphere. The types of sensors used in these soundings have varied, reflecting

the ingenuity of the experimenters in devising a means for deriving data on the upper

atmosphere. A rough count indicates that 800 or more of the soundings made in the past

ten years have involved falling-sphere experiments. The use of a falling sphere as the.

primary sensor has appealed to many experimenters because of the seeming simplicity

of the concept - that is, the fall rate of a sphere of given size and weight and at a given

altitude is a function of the density of the atmosphere at that altitude and the drag coef-

ficient of the sphere for the conditions at hand. Despite this apparent simplicity, perhaps

no method of sounding the upper atmosphere has required so much study for interpreting

the data as the falling-sphere technique.

In order to examine the meteorological sounding rocket problem in some detail and

to guide further research and development activity, a study was recently undertaken by

the NASA Langley Research Center to define the most feasible system for sounding the

upper atmosphere from 30 km to about 100 km. The recommended system included a

passive falling sphere as a payload, on the basis of its simplicity, reliability, and cost

effectiveness for use in network types of operations. This recommendation has been

received with skepticism by some who question whether a falling sphere and the required

precise ground tracking equipment really constitute the most effective atmospheric

sounding system.

As a follow-up to the feasibility study, a symposium was held to bring together the

various groups who are concerned with the use of falling spheres for obtaining high-

altitude meteorological measurements. The purpose of the meeting was to provide a

forum for direct exchange of information and ideas between Government, industry, and

university personnel who are actively engaged in falling-sphere experiments, and to for.m

a basis for evaluating the current state of the art of falling-sphere technology, pinpointing

the critical areas requiring further research and development effort, and coordinating

such effort among the user agencies. The size of the meeting was kept small to encourage

informal discussions among the attendees.

The symposium was framed around a number of invited papers on the topics of

experience with falling-sphere systems, the aerodynamics of falling spheres, the tech-

niques which have been developed for reducing sphere tracking data, and the characteris-

tics of the atmospheric data derived from falling-sphere experiments. The papers are

presented in this document.
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A SUMMARY OF AFCRL PASSIVE-SPHERE DEVELOPMENT

EFFORTS AND EXPERIENCE

By John B. Wright

Air Force Cambridge Research Laboratories

S UMMAR Y

A passive falling sphere, ROBIN, has been developed by the Air
Force for atmospheric soundings between 100 and 30 kin. The rocket

vehicles and simple sphere have been developed to permit a relatively "

low cost per sounding. The radar space-time data are reduced to mete-

orological parameters in a digital computer thereby providing nearly
real time information.

The sphere is a superpressure balloon fabricated from thin plastic

(Mylar) and inflated by vaporization of isopentane. Certain problems

in sphere hardware reliability have been solved while others remain.

Collapse of the spherical balloon 5 - i5 km above the desig n altitude of

30 km persists. In order to calculate atmospheric density (temperature

and pressure), a precise knowledge of the drag coefficient of a sphere

over a wide range of flow conditions is required, The wind tunnel

measurements currently being used with this system have areas that

produce atmospher{c data that either do not compare well with other

sensors or have peculiar excursions.

With further attention to these problem areas, the ROBIN has the

capability of providing the most economical synoptic soundings of all

candidate systems except perhaps indirect sensing techniques which are

in their infancy.

INTR ODUC TION

Early concepts on the use of a rocket-launched, ground-tracked,

passive falling sphere (refs. l, 2, and 3) led to an active development

program by the Air Force Cambriclge Research Laboratories starting in
the late 1950's. The Vertical Sounding Techniques Branch of the Aero-

space Instrumentation Laboratory has the responsibility of developing

systems to be used for routine synoptic measurements of atmospheric

parameters above-ground levels by the meteorological services of the
Air Force. In addition to the usual requirements of any measuriffg



system, the concept of operational use adds the additional requirements
of ease in field operations and data reduction as well as minimized cost

and production adaptability. The small inflatable spherical balloon is

in itself a low-cost item and because of its light weight and collapsibility

can be carried aloft in a minimum cost and easily launched vehicle.

Balanced against the low expendable costs is the need for a high precision

radar and a sizeable digital computer such as the 7090.

For simplicity, the AFCRL passive falling-sphere system (fig. i)

has been given the name of ROBIN, denoting ROcket Balloon INstrument.

This report is intended to present a broad picture of the history of

ROBIN, describe the various vehicle systems, indicate problem areas,

._nd provide references for further study. It would be impossible to

present in a single report all of the detailed efforts2but other papers to be

presented at this symposium by several of the Air Force ROBIN associates

and contractors will cover, in more depth, various aspects of the total

system.
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drag force, newtons

mass, kilograms
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acceleration, meters/second

atmospheric density, kilograms/meters 3
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drag coefficient, D/.5 p V2A

cross-sectional area, meters 2

Mach Number

Reynolds Number
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volume of ROBIN balloon, meters 3

diameter of ROBIN balloon, meters
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rectangular Cartesian coordinates, meters

release altitude

velocities, relative to origin of these coordinates
meters/second

accelerations, _'elative to origin of these coordinates,
meters/second _

wind components, meters/second

component of local horizontal wind along the Z axis,
meters/second

local horizontal wind components, meters/second

total wind, meters/second (converted to knots in computer
output)

wind azimuth, degrees

gravity acceleration at earth surface, meters/second 2

local radius of earth, kilometers

atmospheric pressure, newtons/meter 2 (converted to

millibars in computer output)

atmospheric temperature, degrees Kelvin

universal gas constant, 8. 31432 X 103

Joules (°K)-I (kilogram - tool) -1

molecular weight of air, kilograms (kilogram - tool)-1

CONCEPTS

A falling body may be utilized for atmospheric density measurements
provided there is full knowledge of its aerodynamic characteristics. A

spherical shape has an advantage in that its principal aerodynamic force

is drag (if no rotation occurs) and that it presents an equal area in all

directions. A very simplified equation for a falling body is:

D = ma = I/2 R V2CD A (i)

In order to obtain the atmospheric densityj all other terms must be known

or measured. The acceleration may be obtained directly by means of a



builtin accelerometer and the velocity integrated as is done with several

systems to be described in other papers. In addition to its high instrum-
ent cost such a system is inherently heavy and therefore has a fast

fall rate.

Another technique is to measure space- time positions of the falling

sphere by means of a precision ground-based radar, differentiate this
space history to obtain velocities, and then differentiate the velocity
history to obtain accelerations. The ROBIN utilizes this technique.
Because of its light weight-area ratio, it is also sensitive to the force

created by the horizontal wind.

APPROACH

The program of developing an operational ROBIN was begun in 1958.

Major areas in the effort that were broken out were the vehicle, the
ROBIN sphere and its hardware, the drag coefficient and other aerodynam-
ic considerations, and the data reduction technique.

Various contractors were utilized in these major areas of efforts as
shown in Table I. In the course of time different vehicles were utilized

and certain problems appeared requiring continuing contractual efforts

during the 1960's.

ELEMENTS OF THE ROBIN SYSTEM

Vehicles

When the ROBIN effort began, the ARCAS'meteorological rocket

development phase was just underway and appeared to be the logical
vehicle for the falling sphere as an operational sounding system. Rocket-

sondes were being developed for the ARCAS but at that time the completion

of a fully acceptable system had not occurred. Thus, the ROBIN was

a parallel and alternate payload development for the ARCAS rocket.

The ARCAS (fig. Z} is an ii.5-cm-<liameter end-burning solid-

propellant rocket motor capable of attaining an altitude of 70 kin. With
the ROBIN payload, it has been standardized as Probe, Meteorological

PWN-7A and can be procured through Ogden Air Materiel Area at

Hill Air Force Base, Utah. The description of this system is given

under the ROBIN section.

4



In 1962, an even older small rocket system, the LOKI-Dart

(fig. 2) was being upgraded in performance and reliability by use of

the JUDI motor. In a limited type of effort, experiments were made

to incorporate the ROBIN in this flight vehicle (ref. 4). After determining
the level of the temperature within the dart, which drag separates from

the motor at a low altitude (I kin) and a high Mach Number ( 3 - 4),

successful flights were performed in 1964. At that time the LOKI-Dart

was not being developed fully as a rocketsonde system, so further work

using this vehicle was dropped in the interest of economy obtained in

a one - vehicle approach. Recent standardization of the LOKI - Dart

(PWN-8B) rocketsonde system and its substitution for the ARCAS,

however, would make this a more economical system at a savings

of at least 50%. Both of the above systems attain an altitude of approxi-
mately 65 km when fired from sea level.

In the mid- i960's, requirements for density and winds to 100 km

and the standard use and acceptance of rocketsonde winds and tempera-

ture (density) data to 65 km dictated the obvious effort to develop a

method to sound the atmosphere between 65 and 100 kin. A Navy - Air
Force in- house effort brought together the two- stage SIDEWINDER -

ARCAS - ROBIN system which flew reasonably well after some shop
modifications including the drilling of extra bolt holes in the fins of some

live ARCAS motors. Two drawbacks of this system, inability to meet
National Range Safety igniter requirements and too low an altitude

(115 kin) for ROBIN density measurements to begin at 100 kin, caused

a change over to the SPARROW - HV ARCAS. The Navy, at the Pacific

Missile Range, had developed the system for their various payloads

to attain altitudes of 170 kin. The system was acceptable from a safety
standpoint, and the'HV ARCAS was sufficiently strengthened to be com-

patible with the higher loads imposed as a second stage. Thus, as
indicated in figure 2 much of the ROBIN effort was keyed to the ARCAS
or boosted ARCAS vehicles,

Knowing the advantages (low cost, less wind sensitivity, and less

dispersion) of the LOKI-Dart over the ARCAS in the 65 km regime, in

late 1967 the Air Force proceeded to fund the development of a 140 km

dart vehicle (ref. 5). The VIPER-Dart-ROBIN (figs. 2 and 3) system
evolved over the past two years and appears to be a most attractive

vehicle. The projected production cost of $2500 (plus radar tracking
aid if desired) is approximately 50% of the cost of a SPARROW - HV

ARCAS system. Less dispersion of the dart occurs and less horizontal

range is required because of the short burn time (3 seconds) and resulting

high velocity at low altitudes preventing as much gravity turning as
experienced by slow burning systems.

While the dart part of the system has these favorable ballistic

characteristics, the booster (LOKI or VIPER) tends to "float" in an unstable
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manner immediately after burnout and dart separation. Thus, it

becomes difficult to provide assured impact points which are, because

of low-altitude separation, generally around the launch area. While

the 2.7-kg empty LOKI motor might be acceptable at most ranges, the

19.5-kg empty VIPER was felt to be more hazardous. Accordingly,

a post-burnout stable VIPER motor was developed by means of a drag

cone or nozzle extension beyond the 6.5-in. diameter. The result is

a cleaner dart separation condition and an increase in VIPER motor

apogee from 5 km to 17 kin. The higher apogee does result in more time

in the air for wind drift effects, but for a 95% winter wind condition, all

"of which is assumed to be a head wind, the impact is theoretically further

downrange than in the unstable case.

" The high velocity of the dart at low altitudes requires protection of

payload from aerodynamic heating. Unlike the ablative coating used on
current LOKI-Dart systems, the dart on the VIPER system is designed

to insulate the payload from the dart wall temperature by means of an

air gap. The nearly finalized dart is shown in figure 3.

ROBIN Sphere and Hardware

The early work in the ROBIN efforts for use in the ARCAS rocket

nosecone consisted of theoretical studies, chamber tests, radar reflec-

tivity flights on balloons, and some flight tests. Consideration of sphere
materials, fabrication techniques, minimized mass-area ratios, folding

and packing techniques, reflectivity requirements, optimum inflation
chemicals, techniques of chemical encapsulation and controlled delivery

within the balloon, and methods of ejection from the rocket noseeone

were some of the many aspects investigated. Early chamber tests

indicated that a successful system had been evolved so that in late 1960

some 200 ARCAS ROBIN systems were fabricated for feasibility testing.

The ROBIN sphere (fig. i) which was developed at this time and

which, with a few exceptions, has been the configuration flown in various

vehicles to the present time is one meter in diameter. It is fabricated

from i/Z-rail clear mylar using Z0 gores with butt joints and i/2-in.

heat-pressure sensitive mylar tape. Internally, a 6-point corner reflector

fabricated from i/4-rail metallized mylar is suspended from the balloon

skin by means of lightweight springs. Its Government nomenclature is

Balloon, Radar Target, Meteorological, ML-568/AM, and the design is

covered by Specification MIL-B-Z7373A, the latest updating being

20 January 1965. (This specification covers the ARCAS configuration

which differs from that used in the dart types only in the inflation

capsule and packaging procedures. ) A lightweight aluminum capsule

within the balloon (fig. 4, lower) contains liquid isopentane. At ejection

the cover is pushed off the capsule by a small mylar pillow expanding



in the low pressure.

in the capsule body to prevent explosive inflation found in chamber tests

when the inflating chemical was not controlled. The capsule is free

to move within the balloon. Packaging of this payload in the ARCAS

nosecone includes several sheets of plastic. The first piece of plastic

sheet placed forward in the nosecone cavity is rolled up with enough
entrapped air to force the system out when the sealed nose cover is

pulled bya one-meter long cable at apogee ejection. A 1- 1/2

meter square plastic pillow ejects first and inflates to provide some

protection from a "dirty" pyrotechnic separation charge, prevalent
in early ARCAS, which ejected sparks for a brief interval as the nose-

cone was pushed off and its cover removed.

Isopentane vaporization is controlled by two orifices

The aforementioned ARCAS-ROBINs were flown in 1961 - 1962

at Eglin Air Force Base, Holloman Air Force Base, and Wallops

Island. It was eventually recognized, but not before standardization

took place and additional quantities had been ordered for operational

use, that the reliability of the ROBIN to inflate into a rigid sphere

deteriorated as the time between fabrication and flight increased. In

addition, collapse of the "good" balloon, which was designed for 30 mb

pressure or approximately an altitude of 30 kin, occurred at an average

altitude of nearly 40 km. Many chamber tests indicated a 30-kin collapse

was possible but not consistently so.

Efforts to eliminate these problems continued in the mid - 60's

(Table i). Due to the need for higher altitude data, the efforts were

directed toward the boosted ARCAS configurations. These latter nose-

cones, incidentally, require different ballasting than for the ARCAS

alone due to aerodynamic stability changes at the higher Much Numbers

attained. These efforts were characterized by lack of continuity due

to funding variations, vehicle problems, and contractual difficulties

including a contractor who went out of business during a contract thereby

losing a year in the process of officially transferring the contract to a
successor.

It was felt that damage to the balloon by hot sparks in the separation

event noticed in some chamber tests caused at least the early deflation

problems. Therefore, some work was done on improving protection

during the ejection sequence. A longer cable ( 5 to 20 meters}, with

and without a canister containing the balloon, was tested in chambers

without significant improvements. In this period, the rocket separation

charge was improved and post- explosive particles were minimized.

In addition to mechanical protection, the aforementioned canister

as well as some reduced packing volume nosecones were tried in the

belief that entrapped air in the balloon had a detrimental effect. Since



mylar is microscopically porous, low density packing and long storage
could allow gradual leakage of air into the balloon resulting in catastrophic

inflation at altitude. In addition, a few empty capsules with no balloon

inflation in some tests indicated that isopentane from a leaking capsule

could enter the balloon and then leak out through the balloon skin.

The capsule for the ARCAS-ROBIN is perhaps its weakest element.

The strip of neoprene under the cap aged to a sticky condition and_coupled

with an easily deformable cap, caused capsule malfunction. A few

experiments with other capsule ideas associated with other inflatants

such as a glass vial were not attractive. An externally mounted bottle

for helium injection followed by release after the filling sequence proved

to be a larger and more sophisticated problem than anticipated or funded.
Certain other inflatants with a few showing mixed improvements were

utilized. Ammonia and ammonia water improved the superpressure

characteristics over a larger altitude range. However, the complexity

of encapsulating ammonia and its solvent effect on metallized mylar

were negative factors.

Details on ARCAS - ROBIN theoretical studies and experiments on

inflatants, capsules, packing, etc. may be found in final reports on the

contracts indicated in Table I. Some of these reports are in limited

and unofficial supply. The net improvements on the original ARCAS

configuration were small. Because the basic ARCAS technique does not

provide a simple and positive way of controlling the capsule function and

because a boosted dart vehicle appeared to offer various advantages, a

few ROBIN configurations were designed and tested in 1963 utilizing the

LOKI-Dart. At the end of the short program, several successful flights

were made (ref. 4). In 1967, this design was incorporated into the

VIPER - Dart with encouraging results (ref. 5).

The long cylindrical dart requires that the one-meter sphere be

folded differently and more densely packed. Hence, entrapped air

or inwardly leaking air is minimized. The payload is held in long

half-cylinder staves within the dart body (fig. 3). The separation

sequences consist of a pyrotechnic charge in the dart taiI exerting

pressure on a piston which pushes the staves and payload forward break-

ing shear pins in the nose ogive. As the staves exit the forward end of

the dart, they are free to fall apart and allow the ROBIN payload to

deploy. The motion of the piston is utilized for capsule activation, an

additional bonus in the use of a dart system.

The dart capsule (fig. 4, Upper), longer and more slender than the

ARCAS capsule, is positioned at the aft end of the dart with only one
thickness of balloon material between it and the padded piston. A

slide -fit cap on the end of the completely sealed capsule body contains

a sharp "hypodermic" needle positioned so that first motion of the piston

8



pushes the cap further on the body and punctures the end of the body.
The cap is held on by friction from a piece of rubber and the isopentane

flows out through the needle. This capsule_being a completely sealed
metal body before activation_is less likely to have leakage or aging
problems.

A corner reflector was used early in the general ROBIN development
due to its high radar reflectivity (_25 m2), thought necessary sh0uld

a lesser tracking radar (e.g., SCR 584, Mod 2) be utilized. Subsequent
analysis of ROBIN data obtained by these radars indicated unacceptable
meteorologicaldata accuracies. Since FPS-16 or more precise radars
are available at most missile ranges and since it was found that
metallized one-meter spheres can be tracked by these radars, the use
of a corner reflector is not obligatory. It was retained in most of the
AFCRL development flights (and Air Weather Service operational flights)

however, for several reasons. The radar AGC display or recording
shows a W- form of perturbation indicating a corner passage as the ROBIN

slowly rotates. At collapse of the balloon and internal reflector, this
signal characteristic drastically changes thus providing a simple
method of determining the end point of atmospheric thermodynamic
data. This method of locating the collapse altitude has correlated well
with other methods that are mentioned under "Data Reduction".

An additional advantage of providing a stronger target for any tracking

radar is to approach the optimum signal-to-noise ratio in order to attain

the minimum target position errors.

Aerodynamic Drag

As indicated by equation (i) the drag coefficient of a falling sphere

must be known in order to evaluate atmospheric density (or for some

applications vice versa). The descending ROBIN, weighing ii0 to

120 grams, falls from 130 - 140 km to 30 km over a wide range of

flow conditions, including transitional, slip flow, and continuum flow

(fig. 5). Because of error considerations, computations during part

of the acceleration portion of the flight are not attempted. Hence,

most of the useful part of the high-altitude flight is from a Mach
Number of 3.0 downward and a Reynolds Number of 102 upward.

During the early development of the ARCAS - ROBIN, however,
where the balloon fell from 65 kin, only subsonic flow, principally

in the continuum flow regime, is experienced. At that time, littlein-

formation was available on subsonic compressibility effects on drag
coefficients of a sphere at Reynolds Number of 5 X i02 to 104 Neither

was it possible to find many test facilities capable of performing tests

at these conditions. A small wind tunnel at the University of Minnesota,



under the direction of Dr. Helmut G. Heinrich, was located and tests

made (Table I) as a subcontract under one of the G. T. Schjeldahl

hardware contracts. Instrumentation difficulties led to some repeated

tests as well as extension of the range of tests into supersonic conditions

when the higher altitude systems were begun. These again were made

as a subcontractor under the Litton hardware contract(ref. 6) and reported

in reference 7. The drag coefficients reported therein have been used

in the "March 1965 ROBIN Computer Program" from that date through

the present.

Figure 6 illustrates the range of vertical acceleration experienced

by tl_e falling sphere released at an altitude of 139 kin. Indicated along
the curve are the Mach and Reynolds Numbers experienced during

flight. Other release altitudes will result in different acceleration

levels at these Mach and Reynolds Numbers. Thus it is felt that drag

coefficients obtained in static wind tunnel tests, particularly for the high

Mach Number - low Reynolds Number conditions, do not represent the

accelerated flow condition. Ballistic range data would be more repre-

sentative if a range of acceleration conditions could be matched to the

aerodynamic parameters.

There have been some recent tests made in a ballistic range at sub-

sonic velocities at the Air Force Arnold Engineering Development

Center for Sandia Corporation. These newer drag coefficients in the

incompressible case (M_A 0.3) agree better with classical experiments

although even this statement seems to be somewhat in disagreement

depending on exactly which reproduction of classic data is utilized.

Figure 7, upper section, shows the drag coefficients as measured by
Heinrich and used in the "March 1965 Program". These drag coefficients

were derived from plots and cross plots of the experimental wind tunnel

data which consisted of many duplicated test points. However, interpola-

tion through a Mach 1.0 between test points arM = 0.9 and M = I. 2

required some subjective reasoning. Hence, this area is subject to

greater uncertainties than other sections of the table. Figure 7, lower

section, is a composite made up of the aforementioned subsonic ballistic

range data and the Heinrich supersonic wind tunnel data. This experi-

mental combination of drag coefficients has been used recently and

shows in some cases improved agreement between ROBIN and rocketsonde

densities at the 50-kin level (see Meteorological Data}.

Because proper sphere drag is a prime necessity in the system, it

is felt that this parameter should be isolated and made the subject of a

basic and major aerodynamic program. The Air Force Arnold Engineer-

ing Development Center recently indicated not only their capability of

duplicating these aerodynamic flow conditions but their scientific interest

in the problem and the availability of their personnel and facilities for

these purposes.
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An Air Force plan to fund AEDC in a substantial amount for a two
year program beginning in FY70 was not approved. Several techniques
and facilities would have been used with the hope of analyzing the whole
problem and duplicating the correct flow conditions by different techniques.

Data Reduction

The tasks outlined at the beginning of the ROBIN effort in this
category were simply stated as: given the radar space-time coordinate
history of a falling sphere, determine (1) the technique of obtaining
atmospheric wind, density, temperature, and pressure utilizing modern
digital computers, (2} the errors associated with these parameters,
and (3) the potential of using a graphical or desk type of reduction. The
third task was quickly resolved as a solution capable of producing only
gross numbers much to the disappointment of meteorological personnel.

The other two tasks, not independent of each other, have and are
still requiring considerable time and effort. One aspect of the philosophy
adopted in the data reduction area was to establish a computer program
using equations, smoothing techniques, drag coefficients, formats, etc._
which would represent the best knowledge and information at a given
time and to leave it untouched. In this fashion, all ROBIN flights would
be reduced in the same manner and subject to the same errors or un-
certainties. When several reasons accumulated such as new smoothing
intervals or drag coefficients_then a new program was introduced into
the field.

Thus references 8 and 9 define the first field programs used until
reference I0 introduced the "March 1965 ROBIN Computer Program".
This program is in use today at most of the U.S. missile test ranges
although a few minor details have been changed or added.

In general the development of the ROBIN computer program has
required considerable effort in the classic task of eliminating "noise"
from the raw data without removing real detail and conversely not
introducing "noise" by inadvertent mathematical operations.

Without any discussion of the background and decisions leading up to
the adoption of the current program, an abbreviated description of its
operation will describe its highlights (ref. i i}. The simple equation
presented earlier in this paper is considerably amplified since (1) the
sphere is moving in three -dimensional space with winds present, (2}
buoyancy, apparent mass and a moving reference point on earth must
be considered, and (3) there are "noise" and bias errors in the radar
coordinates. In general, the raw radar data are smoothed in order to
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obtain sphere velocities and accelerations followed by the use of
equations of motion, hydrostatic and gas law relationships to obtain
the atmospheric parameters in the one- pass digital computer program.

Following sphere deployment, usually at apogee, the horizontal and
vertical velocities are obtained first by the least squares fitting of straight
lines to 31 one- half-second space points and assigning the slope as the
velocity at the midpoint, The horizontal and vertical accelerations
are determined by the least squares fitting of straight lines to 7 one-
second velocity points and assigning the slope as the acceleration at the
midpoint. Sufficient points are dropped and added to obtain velocities
and accelerations every one second immediately preceeding the balance
of computations described below. In addition the values of density and
WZ from the previously computed (higher altitude) point are brought
in as first approximations.

Figure 8 is a simplified flow chart showing the meteorological
parameter computations. WX and Wy are computed, then WZ is
computed_and a convergence check of WZ is made. If a I% convergence
value is not obtained, the small loop indicated is traversed using the
computed WZ. When convergence is indicated, the value of V (the
balloon velocity with respect to the air) is computed; then using
the drag coefficient from the previous higher point as an approximation,
the first calculation of density is made. The hydrostatic equation is then
used to calculate pressure and the gas law to calculate temperature.
Because Mach and Reynolds Numbers serve to define the aerodynamic
flow conditions of the sphere and, hence, its drag coefficient, these
numbers are calculated using the velocity, density, and temperature.
A drag coefficient table is entered and a drag coefficient obtained. A
check of density probably indicates no convergence with the previous
higher altitude density and a loop back to the start of the chart is
indicated. Calculated values, rather than previous point values, are
used in progressing down the chart again and at the density step, the
drag coefficient previously obtained from the table is used. When density
convergence with the previous computed density is indicated, the final
values of density, pressure, temperature, and wind parameters are
printed out for this particular altitude. It should be noted that the balloon
horizontal displacement per unit time, X or Y, is not taken to be the wind
velocity as with most wind sensors in current use. Instead, the equations
indicated are used wherein the terms after the minus signs represent
the lag of the balloon in responding to wind changes.

Figure 9 is a flow chart similar to figure 8, but depicting the opera-
tions required at the first or highest altitude point where the main
thermodynamic program commences. It can be seen that a temperature
estimate is required which is carried through and printed in the output
format for only this point. In addition, the pressure here is calculated
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by the use of the gas law. For missile launch sites such as Patrick
Air Force Base, Eglin Air Force Base, and Point Mugu, the initial
temperature guess is based on a 30°N latitude average summer -
winter atmosphere (ref. iZ). The program at present does not begin
until acceleration reaches - g/3 in order that the magnitude of various
terms is sufficient to prevent excessive errors. Hence, the ROBIN
sphere must be ejected at an altitude well above the altitude at which
measurements are desired. In the case of the VIPER-Dart-ROBIN,

for example, a flight having a !g8-km ejection altitude provided data
from 91 km downward.

With the collapse of the balloon from a rigid spherical shape to
a nondescript shape, the thermodynamic parameters may no longer
be deduced, although the winds may be calculated by using somewhat

simplified equations. The determination of ROBIN balloon collapse
is made within the computer program by a "lambda check" in which
parameters of balloon motion, which in turn may be associated with
density lapse rate, are calculated internally throughout the fall. When
the limits of the lambda terms are exceeded, the following type of

line is printed:

Lambda = <0.00005 or>0.0002 Balloon has collapsed.

The program then optionally continues its complete computations
or shifts to a calculation of wind terms only.

Another method of determining balloon collapse, most applicable

for quick field use, is to time the sphere through fixed altitude layers.
Table II, based on many successful flights, shows the time corridor
for a rigid, 115 - 120-gram, 1-meter-diameter ROBIN to fall through
3-km-altitude layers after ejection well above 73 km altitude. A collapsed
sphere requires a longer time to fall than indicated in Table II.

A third method of determining sphere quality involves the observation
of the strength of radar signal return, the character of the return in which
the corner-reflector pattern in a rigid sphere may be seen, and the level

of the range and angle error signals.

Error analyses of the current ROBIN system were made during the
development of the "March 65" data reduction program. However,

these were done while only ARCAS - ROBIN data were available and hence
the errors shown apply only to data from 70 km downward. Table III
indicates the RMS errors for the various parameters when a precision
radar (AN/FPS-16) is utilized for tracking a rigid sphere at 0. t second
to 0.5 second sampling rate. In addition, at the start of the computations,
where the initial temperature estimate might be in error by 10%, a

corresponding 2.5% density error would occur which would decrease very
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rapidly with decreases in altitude. If a radar of lesser accuracy, such

as the AN/MPS-19 radar, is used (standard angle errors of approximately

i.5 mils instead of 0. I mils), errors occur of the magnitudes shown in
Table IV.

Reference 13 presents a technique for error estimation which was

used to approximate the errors associated with using the "March 65"

computer program at higher than program design altitudes. Table V

indicates the degradation experienced in applying this program above 70 kin.

Obviously the use of the "March 65" computer program with ROBIN

flights in the 100-kin to 70-kin region is undesirable. During the past

year r, efforts have been directed to improving and optimizing the program

for reduction of data for a complete sounding from i00 km to 30 kin.

Another paper at this symposium will describe the types of changes that

will be made to minimize the errors and describe the program which

will be introduced into the field within the next few months. It is planned

to modify some of the drag coefficients, in the new program, as previously

discussed knowing that future changes may again be needed if a significant

aerodynamic program were initiated. The new program will be distrib-

uted to those NASA, Army, Navy, and Air Force agencies currently in

possession of the "March 65" computer program.

METEOROLOGICAL DATA

More complete coverage of the ROBIN and examples of measured

data may be found in references 5, 8, I0, 14, 15, and 16. Reduced

data from approximately 300 research and development flights as well

as several hundred operational flights by the Air Force 6th Weather

Wing have been forwarded to the Air Force Climatic Center and the U.S.

Meteorological Rocket Network for storage and dissemination. Research

and development flights with the VIPER - Dart- ROBIN system have

supported most of the recent SATURN - APOLLO launches.

Figures I0 through 15 present examples of meteorological data

obtained during the VIPER -Dart development. Figure 16 shows the

complete density profile from the surface to 90 km provided by rawinsonde,

rocketsonde, and ROBIN for the APOLLO iI flight. Figure 17 indicates

the effect of using the previously mentioned experimental drag coefficient

table. The resulting density profile agrees more closely with the rocket-

sonde density in the 40 - 60 km levels. However, the temperature profile

departs further from the rocketsonde temperature over this altitude range.
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CONCLUSIONS AND RECOMMENDATIONS

The intent in this section is to summarize the AFCRL view of the

ROBIN falling - sphere system as well as point out problem areas and

suggest the direction of further study, development, or test. The
comments are given also as recommendations should the general program

suggested in the NASA study under Contract NASI-7911 be implemented

in the coming years. Not all of the following remarks have been fully

discussed in the body of this report due to varying degrees of complexity

beyond the scope of this summary paper. By perusal of the various
references listed as well as by means of a round table discussion with

others present here, these points can be more fully analyzed.

i. The feasibility of measuring atmospheric winds, density,

temperature, and pressure from i00 km to 30 km by means of a passive

radar-tracked falling sphere has been established. Subjective analysis

indicates reasonable values of the measured parameters.

Z. Error analyses made to date for data gathered between

65 and 30 km indicate errors of 3 to 0.5 m/sec in wind magnitude,

3o]0in density, I0 to 4% in temperature and 6 to 3% in pressure.

3. In spite of these quoted figures, comparison with rocket-

sondes flown within one hour sometimes indicated differences in the order

of 20% in density while at times better agreement is found.

4. A data reduction computer program developed satisfactorily

for the 65 - 30 km range of altitudes after further analysis, which will

be presented at this Symposium, seems to show that the degree and

thickness of the smoothing interval is critical as the altitude, and hence,

fall velocity, becomes sufficiently large. To some degree, the character

of the wind profile needs to be known in order to minimize the error in

the wind.

5. It is possible that an optimum density program may not

provide an optimum temperature output and vice versa.

6. Consideration of errors and the computation procedure

indicates that a constant percent error in the drag coefficient or density

is required if one wishes to minimize temperature error.

7. The above two statements indicate the need to more rigidly

define the exact parameters to be measured in a synoptic meteorological

network. Density is probably the principle parameter desired by the aero-

space community although some meteorologists may prefer temperatures

for their analyses of the atmosphere.
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8. Vertical winds are assigned as a zero - value in the
computations. Various experimenters indicate this is not the case and have

published values which are significant only at the lowest altitudes
where the sphere velocity is small.

9. Some analyses with a few 65-km ROBIN flights were made
by assuming that the small perturbations in density were caused by vertical
winds. The maximum vertical winds detected by this method were + 5

m/sec (but more typically, + 3 m/sec ) with wavelengths in the order to
2 kin. A 3-m/sec error in v--ertical sphere velocity represents a 6- 1/2%
error in vertical velocity or 13% density error at 40 kin. This reduces

to less than a 2% density error at 75 kin.

10. To some extent the above two statements might lead to
consideration of the tradeoffs in using either (a) a single system for winds
and density from 100 km down to nearly 30 km or (b) two systems or
a compound system for separation of measurements into optimum altitude
levels. A rocketsonde might be ejected at 60 km or two spheres of
differing mass area ratios might be utilized from a two-stage dart.

11. In a similar vein, it was found that the measurement of

winds above 70 km with the ROBIN, as will be reported in another paper
here, requires special attention. It is possible that chaff or a slower
falling target than the ROBIN will be required to sense horizontal winds
to the accuracy desired.

12. The requirements for horizontal winds needs to be more

precisely defined before further effort be expended in developing a final

system. Not only does the accuracy in wind magnitude need defining,
but the wavelengths of wind perturbations that must be sensed should be

indicated as an aid in establishing design goals in hardware and computer
techniques.

13. The input from the tracking radar scientific community

has been tedious and only by a gradual item by item approach have certain,

but possibly not all, of the radar characteristics been investigated. On
one program it was found that the servo bandwidths were better set at

a different position for minimal target position error than recommended

to the technicians by their official training instructions. Other as yet

unknown peculiarities should be isolated and an expert assigned to any
overall new development.

14. Analysis of error recordings indicated that FPS-16 radars
at Eglin, at least when tracking the standard 65-km ROBIN, has RMS errors

of less than _+ 0. 2 rail in elevation and azimuth angles, not unlike their
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handbook values. From other programs it is known that individual

FPS-16 radars vary appreciably in their noise characteristics and the

quotation of a single error figure for one type of radar is misleading.

A decrease in signal-to-noise ratio whether caused by a weaker target,
greater slant range, more background noise, or an "untuned" radar

can increase the tracking error.

i5. Enhancement of radar return without use of a corner

reflector is desirable for simplification in fabrication and packaging.

16. If a new radar concept is pursued as suggested in the

recent aforementioned NASA conceptual study report for a i980 rocket

system, its design approach should include not only the minimization of

tracking error but also the shaping of its "noise" character to optimize
data reduction techniques.

i7. Drag coefficient values used in ROBIN soundings are

uncertain as judged at least by (a) rocketsonde data in the lower altitude

portions and (b) by data peculiarities in the transonic region around 75 km.

18. Drag coefficients for the most part obtained by static

wind tunnel tests are used in the ROBIN and other falling sphere systems.

Vertical accelerations during the measurement phase descending from

100 km pass from negative values through zero to as much as + 3 g's at

80 km and then decrease to insignificant values at 30 km. Similarly,

lateral accelerations are present. Static drag coefficients do not, to
varying degrees, represent proper values under accelerated flow condi-

tions. Hence, some attempt should be made in the future work to utilize

ballistic ranges where Mach and Reynolds Numbers and acceleration

levels may be simulated.

19. Consideration of apparent mass indicates this term

is negligible above 20 km and it is felt does not adequately attack the
accelerated flow condition.

20. The state of knowledge of the aerodynamic parameters

accuracies is perhaps the weakest point in the ROBIN system. If a

world meteorological rocket network of a scale initimated in the afore-

mentioned study were pursued and implemented, a world standard

atmosphere would most assuredly follow from the large amount of data

gathered. To have this standard based on questionable sphere drag

coefficients would be folly indeed. Hence, it is strongly recommended

by this author that a significant program be established and managed by

a Government aeronautical agency for this very basic research problem

for application to either current or future falling- sphere systems.
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2i. The feasibility of using the ROBIN in several types
of rockets, subject to accelerations of over 100 g's, has been demonstrated.
The vehicle would seem to be the least of all problems in the system.
Some further reduction in cost over the already reasonably priced VIPER -
Dart might be attained by further efforts along the line of the Super LOKI
motor in a new dart configuration or possibly other vehicles under
development (Canada - Army, Astrobee, etc.}. Gun probe personnel have
indicated a nearly hopeless hardware task with this approach and it is
assumed that this is a final conclusion.

22. The ROBIN hardware development has demonstrated
that thin plastic spheres can be ejected at high altitudes and inflated by
means of vaporization of various liquids. In-depth studies and tests some
years ago indicated for example that sublining solids were too slow in
action for this application. There may be today newer chemicals, solids,
or liquids, that might offer promise leading to simplification of encapsula-
tion and release of the chemical and reduce further the mass-area ratio
of the sphere.

23. Evaluations of the internal sphere gas temperature for
hardware considerations as well as the skin temperature for aerodynamic
considerations have been attempted but without assurance by the theorists
that their methods are rigorous.

24. A significant reduction in the sphere's mass - area ratio
would of course reduce the range of aerodynamic flow conditions and
possibly improve sensing ability through simplification of the required
measured parameters. Reference i indicates thatin a wind shear of .02/
sec , a 5 m/sec wind error would result if the fall velocity were
45 m/see and the horizontal acceleration terms were completely ignored.
While such a velocity is unattainable at high altitudes, it indicates a limit
in simplification.

25. Consideration of better ejection and deployment techniques
is suggested wherein lower dynamic loads would be imposed thereby allow-
ing light gauge {and weight) materials. Attempts to use I/4 and i/3 rail
with ARCAS - ROBIN indicated a decrease in reliability.

26. Similarly, newer materials should be considered with
improved strength and weight characteristics. While perhaps heavier
than desirable, a scrim-plastic combination might permit simple and
relatively uncontrolled pressurization techniques. In addition, a larger
superpressure than the 30-mb design in the ROBIN would assure spherical
conditions down to less than 30 km.

27. While there is disagreement with other experimenters
concerning this matter, the usual collapse altitude of the ROBIN at 40 km
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rather than 30 km is felt to be another as yet unresolved problem.
Temperature balance is felt to be a part of the problem. The University
of Michigan uses metallized spheres and publishes density data to 30 km.
However, Air Force experiments with metallized spheres has shown
little correlation with collapse altitudes. Quantity of inflatant and
temperature - pressure characteristics need refinement particularly
if new chemicals are considered.

28. It was hoped that a report could be made here on the
successful deployment of a ram-air inflated sphere from a rocket.
Two were attempted; one was not tracked and the other track indicated
the descent of a heavy object. The idea, originally conceived and
demonstrated at sea level by the AFCRL Starute contractor, Goodyear
Aerospace Corporation, is worthy of further pursuit. The elimination
of chemicals, capsules, etc. should simplify the total hardware picture.

29. Consideration of body shapes other than a sphere, possibly
using the ram-air inflation principle, might be attractive due to potentially
larger and less varying drag coefficients during their fall. The remain-
ing aerodynamic characteristics ( C , CL ) would possibly lead to other
design problems which would have tmbe solved for all flow conditions.

30. Before the final framework of aerodynamic test require-
ments are established for a sphere (or other body}, all hardware improve-
ments should at least be checked and verified.

31. If a flexible development program is possible, there are
payoffs in intermixing flights of spheres of various sizes and weights with
laboratory or wind tunnel tests. For example, a peculiar hook in the
current drag coefficient table was found after the reduction of flight data
using early wind tunnel data indicated a hook existed in the density profile .
More detailed wind tunnel tests uncovered a peculiar drag coefficient
variation thereby smoothing the calculated density profile.

3Z. Comparative flight tests between spheres of various
masses and sizes and with other sensors during day and night can be pro-
ductive in evaluation of errors and consistency. Only a small amount
of this comparison testing has been accomplished. Comparisons of ROBIN
densities with rocketsonde densities have in general shown inconsistent
disagreements.

33. In summation, it is believed that FPS-16 radars, available
at missile ranges in this country, contribute less to the total density
error in falling-sphere data than the uncertainties in the drag coefficients
now utilized. Additional efforts with sphere hardware are also required
to improve reliability and low-altitude performance.
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TABLE I I

ROBIN DESCENT TIMES

Altitude Layer

From, To,

km km

73.2

70. i

67.1

64. O

61.0

57.9

54.9
51.8

48. 8

45.7

42.7

39.6
36.6

33.5

70. I

67.1

64. O

61.0

57.9
54.9
51.8
48.8
45. 7

42.7

39.6
36.6

33.5

30.5

Time

Seconds

89
113

Altitude

From,
Feet

Layer

To,

Feet

12- 15

13- 16

14- 17

16 - 19

19 - 24

23 - 28

29 - 32

35 - 40

43 - 49
53 - 6O
65 - 75

A ppr ox.

Approx.

Approx. 145

240,000

230,000

220,000

210,000

200,000

190,000

180,000

170,000
160,000
150,000
140,000
130,000
120,000
110,000

230

220

210

2OO

190
180

170
160

150
140
130

120
110

,000

,000
,000
,000
,000
,000
,000
,000
,000
,000
,000
,000

000

100,000

TABLE III

RMS ERRORS FOR ROBIN DATA USING THE AN/FPS-16 RADAR AND
THE "MARCH 65" DATA REDUCTION PROGRAM

Meteorological

Parameter

Altitude, km

Magnitude of wind vector, m/sec
Density, %
Pressure, %
Temperature, %

70 - 60,

km

Altitude Bands

60 - 50,

krn

+10

+ 3
+ 3
+ 6
+10

+10
+ 1.5

+.3
T 3
T 3
w

50 - 30

krn

+ 10

+ 0.5

+ 3

+ 3

+ 4
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TABLE IV

RMS ERRORS FOR ROBIN DATA USING THE AN/MPS-19 RADAR AND
THE "MARCH 65" DATA REDUCTION PROGRAM

Meteorological

Parameter

Altitude, km

Magnitude of wind vector, m/sec
Density, %
Pressure, %

Temperature, %

70 - 60

km

Altitude Bands

60 - 50

km

+ 50
T15
Y 6
+ 10
+12

+ 50
TI0
T 6
T 8
T 8
w

50 - 30

km

+ 50

+ 5

+10

+10

+ I0

TABLE V

APPROXIMATE ERRORS FOR ROBIN USING THE AN/FPS-16 RADAR AND
THE "MARCH 65" DATA REDUCTION PROGRAM

Meteorological

Parameter

Wind

RMS Noise Error, m/sec
Bias Error, m/sec
Sinusoidal Wind Field Bias Error,

% of Amplitude Measured
4 km Sinusoidal Wind
10 km Sinusoidai Wind

Density

Random Error, 70
Bias Error, 70

9O km

20

3

I

16

Altitude

8O km

5
14

5
40

70 km

4
2

2O

8O

4
0
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II

Figure ].- ROBIN (ML-568/AM) spherical balloon.

25



ARCAS-
ROBIN

PWN-TA
70 km

LOKI-
DART

65 km

SIDEWINDER-

ARCAS

110-115 km

SPARROW-

HV ARCAS

170 km

Figure 2.- Meteorological rockets utilizing ROBIN.
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HOLLOW PIN ISOPE NTANE

RUBBER SEALING STRIP

OLD INFLATION CAPSULE (PILLOW TYPE)

Figure 4.- lsopentane inflation capsules.
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THE IMPORTANCE OF ENVIRONMENTAL TESTING INCLUDING

EXPERIENCE WITH THE ARCAS-ROBIN SYSTEM

By Sammie D. Joplin

NASA Langley Research Center

INTRODUCTION

The testing of flight spececraft under simulated space conditions is used to con-

firm the analyses and assumptions of spacecraft design. This general approach has wide

acceptance. The problem is to select a test program within the allocation of funds and

the availability of facilities and manpower and to answer the following questions:

(1) What types of tests will be conducted on the complete system and subsystems?

(2) What method will be used to simulate the space environment?

(3) What test levels will be used?

The emphasis of this paper is on the selection of an environmental test plan that

will result in the development of a reliable system for obtaining atmospheric measure-

ments. First, the availability of facilities and their capability of providing a simulated

environment for a falling-sphere system will be considered; then, the types of tests and

test levels that have resulted in the development of successful flight systems. Finally,

some techniques that can be used to simulate the environment of an inflatable falling

sphere will be considered.

FACILITIES

The facilities at the Langley Research Center that can be used in an environmental

test program for inflatable falling spheres are in the following categories:

First are the thermal vacuum and vacuum facilities. By utilizing one or more of

the 16 facilities in this category, a system can be tested at the pressure altitude of its

flight environment. Several of these facilities are capable of producing more than one

condition. For example, a system could be operated under the pressure altitude, tem-

perature range, and solar radiation that it experiences during flight. Another facility is

capable of subjecting a system to the combined effect of a pressure altitude, a range of

temperatures, and vibrations. Many of the facilities allow for the installation of special

equipment to obtain a special condition on a system. For example, in a test that will be

discussed subsequently, an airlock was installed inside one of the vacuum facilities to

maintain the system being tested at sea-level pressure during the hours that are required

to pump the facility to the test condition.
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The next category, vibration andshaker facilities, also includes the equipment
neededto perform acceleration tests. These facilities are used to provide the environ-
ment that a system would experiencedueto groundhandling, rocket flight, and separa-
tion of the spacecraft from the rocket motor.

The balancingequipmentand spin tables are used to subject the system to the spin
rate provided by rocket flight, to balancethe spacecraft, andto subject the system to a
steady-state acceleration.

Solar simulation equipmentis available and canbeused with several of the vacuum
facilities to obtain a combinedeffect.

There are numerouspieces of equipmentin the fatigue andload testing category
for use in testing the structural integrity of a system.

The descriptions here havebeenbrief, but there appear to be sufficient facilities
available to allow for the design of anexperimental test program that will give confidence
that an inflatable-falling-sphere system will survive the rocket launchand operate in its
environment. A detailed listing of the environmental test equipmentat the Langley
Research Center and their characteristics is available in reference 1.

TYPES OF TESTS AND TEST LEVELS

With the facilities available, attention can now be directed to the following question:

What types of tests and test levels should be incorporated in an environmental test plan?

The appendix outlines a general test plan that is desirable in the development of a flight

system and the types of tests and activities within the elements of the test plan. Obvi-

ously, each system must be considered individually with variations made in the test plan

and selection of the types of tests based on the following criteria:

(1) Mission criticality

(2) Level of design uncertainty

(3) Level of environmental uncertainty

(4) Resources available

One approach to the testing level that has resulted in a high rate of success is

documented in reference 2. The engineering test model (ETM) systems and/or prototype
1

systems are tested at stress levels up to 17 times the expected environments of launch
or space. The flight systems are tested under the expected environments of launch or

space.
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SIMULATIONTECHNIQUES

The final question to be consideredis howto simulate the environment for an
inflatable falling sphere. There is no single answerto this question. However, some
examplesare available from a limited test program conductedat the Langley Research
Center during 1964on the Arcas-Robin system. Theseexampleswere functional tests
in a simulated environment designedto aid in identifying the failure modesof anArcas-
Robinsystem.

The Arcas-Robin system is a 1-meter-diameter, 1/2-mil Mylar inflatable sphere
designedto be carried to release altitude by a small rocket motor. The Robinsphere
used in this test program had an internal corner reflector for radar tracking. The four
basic functions that must take place in order for the system to function properly are
illustrated in figure 1. First, the separation charge must fire andgive the nosecone an
increase in velocity. The next function is the removal of the nose-coneaft bulkheadby
a lanyard that is permanently attachedto the rocket motor. Removalof the bulkhead
allows the next function, egress of the inflatable spherefrom the nose cone,to occur.
Finally, the sphere inflation capsulemust function to inflate the sphere. Eachbasic
function also has a series of subfunctionsuponwhich it is dependent. These functions
will be considered in more detail after a description of the three series of tests con-
ductedon the Arcas-Robin system.

The first and secondseries of tests were conductedin a 5-foot-diameter, 10-foot-

long thermal vacuumfacility. The capabilities of this facility are as follows:

(1) A pressure of 1 x 10-6 torr (or a pressure altitude of approximately
650 000feet)

(2) A temperature range of -320° F to 600° F

(3) A solar simulator which is a 15-kW carbon arc light

The tests in this facility consisted of mechanically removing the bulkheadfrom the Arcas
nosecone. This procedure allowed the Robinsphere to egress andinflate. The test
environment provided was a pressure of 64x 10-3 torr anda solar simulator. The pres-
sure utilized for these tests, 64x 10-3 torr, canbe achievedin 30 to 45 minutes. Two
glass side ports and a 5-foot-diameter glass door permitted high-speedphotographic
coverageof the tests, as well as visual inspection of the inflated sphere. After sphere
deployment,the pressure in this vacuumchamber was increased to 8.3 torr over the
averagetime that the sphere experiencesthis pressure changein flight.

The results of the first series of tests are presented in table I. All six spheres

ruptured during inflation.
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Experience gainedduring the developmentof the Echosatellite indicated that the
most likely causeof failure was an excessiverate of inflation causedby residual air
trapped in the Robin sphereduring packing. This causeof failure was easily eliminated
by restricting the packing volume from 40cubic inchesto 22 cubic inches, and another
series of tests was conductedon this modified system to evaluatethe inflation system.
Figure 2(a) is an illustration of the completeassembly of the standard sphere as used
in the first series of tests, figure 2(b} showsthe modified assembly, andfigure 3 illus-
trates the modified deploymentsequence.

The results of the secondseries of tests are presented in table II. The inflation
capsulewas omitted from tests 1 and 2 in order to evaluate the effect of residual air on
inflation. All four tests were successful.

The third series of tests was conductedin the 60-foot vacuumsphere. This facility
provided the spacenecessary to separatethe noseconefrom a dummy rocket motor
during free fall by using the flight-separation device andto deployand inflate the sphere
before it contactedthe walls of the test facility. An airlock wasdesignedand installed
in the facility to keepthe Arcas-Robin system at sea-level pressure during the hours
required to reach the test condition' The airlock was also designedto simulate the real-
time altitude changeof the Arcas-Robin system during the rocket flight. These tests
were designedto obtain additional information on the reliability of the inflation system
of the Robinsphere. (Seefig. 4.) They also provided information aboutthe relative
position of the rocket motor, the nose cone,andthe inflating sphere during separation.
The results of the six tests conductedin this series are shownin table III. An analysis
of the failures showedthat the inflation capsulefailed to function properly. In onetest
(3), all systems functionedproperly.

An analysis of failure modeand effects hasbeenprepared on the Arcas-Robin sys-
tem in order to identify the single-point failures that are critical to mission success, to
list the possible failures andthe effects, andto aid in eliminating similar problem areas
in future inflatable-sphere systems. The portion of that analysis identifying the failure
modesof the Robinsphere is summarized in table IV. In this table it shouldbe noted
that the inflation system of the Robinspherehas five components,andeach component
has a serious malfunction associatedwith its operation. A malfunction of anyone of
these componentscould result in the failure of the Robinsphereto obtainuseful data.
The situation is complicated further becauseall the malfunctions support eachother.
This type of analysis shouldbe performed on future inflatable falling-sphere systems to
minimize malfunctionsand to avoidplacing anunreliable system into general use.
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CONCLUDINGREMARKS

The tests described here are only indications of what canbedonewith existing
facilities to simulate the environment of a falling-sphere system. The justification for
expenditure of resources in performing environmental tests is that insufficient design
data are available to predict that the system will operate satisfactorily in its environ-
ment. The use of available facilities to conducta well-planned environmental testing
program can, for the most part, limit failures in the system to failures during environ-
mental tests where instrumentation and high-speedphotographyin a controlled environ-
ment canbeusedto provide the dataneededto identify the causeof failure. This method
will give the designer the information neededto provide a reliable system for obtaining
meteorological measurements.
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APPENDIX

TEST PLAN

Flow Chart: Engineering Test Model (ETM), Prototype, Flight, and Flight Spare
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I.......................................
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Tests and Activities Within Elements of the Test Plan

I. ETM structure With Dummy Components

A. Integration of structural members

B. Integration of dummy components (fit check, interference check, alinement, etc.)

II. ETM Structural Verification Tests

A. Vibration survey for structural design verification (resonance survey)

B. Structural integrity (bending, compression, etc.)

III. ETM Structure With Dummy Component Flight Acceptance Tests (FAT) and

Qualification Tests (QUAL)

A. Vibration, shock, and acceleration tests

1. Qualifies structural design

2. Develop transmissibilities for ETM component design considerations

IV. ETM Component Design and Fabrication

A. Apply data from III

V. ETM Component Verification Tests (Subsystem)

A. Verifies and/or improves design concepts or intent

B. Examples of tests

1. Antenna pattern

2. Pyrotechnic

3. Despin

4. Panel or boom deployment

5. Spinup

6. EMI (electromagnetic interference)

VI. ETM Component Flight Acceptance Tests and Qualification Tests

A. Vibration, shock, acceleration, decompression, and thermal vacuum (FAT

followed by QUAL)

VII. ETM Structure With ETM Components Integration, Debug, and Verification

A. Physical electrical and mechanical capabilities and interfaces verified and

resolved

B. Operational compatibilities between components and between subsystems

determined

C. Compatibility of spacecraft and checkout equipment evaluated

D. Subsystem and spacecraft response to command signals evaluated

E. Refer to item V for test examples plus

1. Alinement tests

2. Heat-shield fit and ejection

3. Physical parameters (weight center of gravity balance, moment of inertia)

NOTE: Similar activities take place with the prototype, flight, and flight spares.
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TABLE I.- STANDARDDEPLOYMENT

_irst test series; 5-foot-diameter, facility_10-foot-long thermal vacuum

Test

2

4

Test
pressure,

torr

164 x 10-3

64 x 10-3

64 × 10-3

64 x 10-3

64 x 10-3

64 x 10-3

Sphere description

Standard

1-meter-diameter

sphere

IStandard

1 -meter -diameter

sphere

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Inflation
system

Std. aluminum

capsule with

35 cc of iso-

pentane

[Std. aluminum

capsule with

35 cc of iso-

pentane

Std. aluminum

capsule with

35 cc of iso-

pentane

Std. aluminum

capsule with

air

Std. aluminum

capsule with

35 cc of iso-

pentane

Std. aluminum

capsule with

35 cc of iso-

pentane

Remarks

Sphere burst immediately

with a tear developing

from pole to pole

2-inch-long tear in sphere.

Inflated to full size but

collapsed after
1

1_ minutes

3-inch-long tears in sphere.

Inflated to full size but

collapsed in less than

1 minute

Sphere inflated to full size

by residual air. Sealed

inflation capsule, no iso-

pentane inside, broke

through sphere wall

Sphere burst immediately

with a tear developing

from pole to pole

Sphere burst immediately

with a tear developing

from pole to pole
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TABLE II.- MODIFIEDDEPLOYMENT

[Secondtest series; 5-foot-diameter, 10-foot-long thermal vacuum facility_

Test
Test pressure,

torr

1 64 × 10-3

2 64 × 10-3

3 64 × I0-3

4 64 × 10-3

Sphere description

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Standard

l-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Inflation
system

Air trapped in

sphere during

folding

Air trapped in

sphere during

folding

Std. aluminum

capsule with

35 cc of iso-

pentane

Std. aluminum

capsule with

35 cc of iso-

pentane

Remarks

Sphere inflated to 1/4 size
]

with residual air

Sphere inflated to 1/4 size

with residual air

Sphere inflated to full size

in approximately 1/4 sec

and maintained a stressed

skin to a pressure of

8.3 torr

Sphere inflated to full size

in approximately 1/4 sec

and maintained a stressed

skin to a pressure of

8.3 torr
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TABLE EI.- MODIFIED DEPLOYMENT

EThird test series; 60-foot vacuum spherg

Test
Test

pressure,
torr

8.9 x 10 -3

8.9 × 10 -3

8.9 × 10 -3

8.9 × 10 -3

8.9 x 10 -3

8.9 × 10 -3

Sphere description

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Standard

1-meter-diameter

sphere

Inflation
system

Std. aluminum

capsule with

35 cc of iso-

pentane

Std. aluminum

capsule with

35 ccofiso-

pentane

Std. aluminum

capsule with

35 cc of iso-

pentane

Std. aluminum

capsule with

35 cc of iso-

pentane

Std. aluminum

capsule with

35 cc of iso-

pentane

Std. aluminum

capsule with

35 ccofiso-

pentane

Remarks

Sphere did not inflate immediately because

isopentane-capsule cap did not come off.

Cap remained on capsule, but isopentane

leaked into sphere over a 10-minute

period and inflated it.

Sphere did not inflate immediately because

isopentane-capsule cap did not come off.

Cap remained on capsule, but isopentane

leaked into sphere over a 5-minute

period and inflated it.

This sphere inflated to full size immediately.

Isopentane capsule functioned correctly.

Sphere remained inflated to a pressure of

8.3 torr.

!Sphere did not inflate immediately. Cap came
1

off inflation capsule after 13 minutes and

sphere inflated to full size. Sphere remained

inflated to a pressure of 8.3 torr. Steel

lanyard between booster and nose cone broke

in pulling bulkhead from nose cone.

Deployment of the sphere was good, but the

sphere fall rate was retarded by the snapback

of the lanyard system. The dummy rocket

motor overtook and hit the sphere. The cap

did not come off the inflation capsule imme-

diately, but inflation did occur in approximately

21minutes. The sphere remained inflated to a
2

pressure of 8.3 torr.

Steel lanyard assembly broke at the dummy rocket

motor. The sphere egressed from the nose

cone, but the cap stayed on the inflation capsule,

and the sphere did not inflate.
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SEPARATiONPLANE

(a) Nose cone attached

to rocket motor.

i /
I/I//

(b) Separation charge fires.

(c) Inflatable sphere starting out of nose cone.

(d) Sphere out and inflated.

Figure 1.- Sketch of standard Arcas-Robin deployment sequence.
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FOLDEDINFLATABLE

SPHERE
, /--INTERNAL

/ /INFLATION
/ _ CAPSULE

TO BOOSTER _ __.j _\\\\\'_

NOSE CONE L-SPARK
BULKHEAD EJECTION

PILLOW
PROTECTOR

(a) Standard system.

ISOFOAM SPHERECONTAINER
/---INTERNAL INFLATION CAPSULE

NOSE CONE ,//X(./////,/._
BULKHEAD ""'"_" " '_- FILLER

COILED NYLON \ _-- FOLDED
CORD TO EXTRACT INFLATABLE
SPHERECONTAINER SPHERE

(b) Modified system.

Figure 2.- Standard and modified Arcas-Robin payload assembly.
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_--- SEPARATION
PLANE

(a) Nose cone attached
to rocket motor. (b) Separation charge fires.

(c) Sphere container pulled from nose cone.

(d) Container separates and sphere inflates.

Figure 3.- Modified deployment sequence.
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NITANE

D

ALUMINUM ,-- RUBBER STRIP

CONTAIN_To SEAL ORIFICE

L MYLAR EJECTION
PILLOW

Figure 4.- Sketch of Arcas-Robin inflation capsule.
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RECENT PASSIVE DENSITY SENSOR EFFORT

AT THE NAVAL ORDNANCE LABORATORY

By George J. Sloan

U.S. Naval Ordnance Laboratory

The Naval Ordnance Laboratory has developed an atmospheric sounding system

known as HASP, or High Altitude Sounding Projectile, capable of shipboard launching

from a five-inch 38-caliber slow-fire gun. In this system, which is based upon the Loki

antiaircraft rocket system, a three-inch-diameter booster is used to boost a dart vehicle

to a velocity of about 5,000 feet per second in 1.9 seconds, at which time the booster

separates, and the dart vehicle coasts to an altitude of 65 to 70 kilometers. For such a

system to have good altitude capability, the dart must have a high sectional density. The

3 inches in diameter, 40 inches long, and weighs eight tonormal HASP dart is therefore 1_
ten pounds, depending on the payload. The space available in such a dart is a compart-

ment one inch in diameter and 20 inches in length, which is a volume of about 16 cubic

inches. Efforts to develop a passive density sensor have been directed toward a system

compatible with the small payload volume. It is the purpose of this paper to briefly

describe the efforts to develop a useful passive density system for the HASP dart.

The first effort was directed toward use of the Robin sphere in the dart vehicle,

but the Robin, as configured for the Arcas nose cone, simply would not fit the small dart

compartment. It was necessary to reshape the isopentane capsule and remove the inter-

nal corner reflector to package the one-meter sphere in the 16-cubic-inch compartment.

This configuration, called a Robinette, was constructed of half-mil metalized mylar for

radar reflectivity and weighed 95 to 100 grams, or 20 to 25 grams less than the Robin.

Flight tests of this configuration resulted in practically no useful data for several years

of experimentation. Environmental tests conducted in the Langley Research Center

60-foot-diameter vacuum sphere in March 1964 revealed several important problems.

The isopentane capsule, which incorporates an entrapped-air bag to displace the capsule

cover similar to the Arcas Robin capsule, was not reliable. It was also discovered that

hot particles from the expulsion charge were burning small holes in the sphere. These

hot particles were not experienced in static firings at sea level since there is enough

atmospheric oxygen to insure complete combustion within the dart. A reduction in the

expulsion charge and a redesign of the charge holder eliminated the burning problem.

The use of a sealed isopentane capsule, which is pierced by the force of the expulsion

charge, proved to be a much more reliable inflation system.

Problems with sphere inflation with isopentane led to the concurrent development

of a system of inflation of small spheres by entrapped air. Spheres of 12 to 16 inches
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in diameter were inserted in the dart compartment, folded along the gore seams with the

polar caps at the end of the tube-like compartment. Air was introduced at one end with

a hand pump to expand the sphere to the maximum volume of the compartment, and then

the inflation tube was sealed. Of course, half-mil mylar will leak any super pressure

in several hours, but this method tends to maximize the volume of residual air at atmo-

spheric pressure. Two types of construction of spheres were used, namely, construction

with longitudinal gores with polar caps and a draped form construction of one-eighth

sections of the sphere. In the gore construction, similar to Robin, the half-mil mylar

was metalized for reflectivity. In the draped formed construction laminated half-mil

material was used with an internal corner reflector.

Evaluation of sphere performance is usually made with the lambda check in the

University of Dayton density program. All of the early Robinette flight tests were eval-

uated, using the Dayton program at LRC, and were rejected as collapsed at ejection.

In order to evaluate the system from other than a go or no-go basis, a computer program

was written by the NOL Mathematics Department which incorporated a unique feature for

performance evaluation. In this program, the theoretical vertical velocity of the

descending device is computed and then plotted, using the weight, dimensions, drag coef-

ficient tables, and the 1962 standard atmosphere values of density and temperature. The

vertical velocity, as obtained from the radar tape, is also plotted at the same time so a

comparison can be made. Figure 1 is an example of a Robinette-type sphere ejected

from a Cajun dart vehicle at an altitude of 308,000 feet. The vertical velocity profile is

smooth and follows the theoretical curve down to an altitude of about i00,000 feet, at

which time itappears to have collapsed. The density derived from these data is plotted

as a ratio to the standard atmosphere density, Figure 2. Temperature is plotted on the

same plot as the standard atmosphere values for a quick comparison, Figure 3. This is

an example of a good flight with a one-meter Robinette in which data were obtained from

270,000 to I00,000 feet.

The performance of the 16-inch-diameter entrapped-air configurations can be

evaluated from the velocity profile, Figure 4. Flight number 2990, flown i0 March 1967,

is a good example of the 16-inch sphere of a normal longitudinal gore configuration. The

fall-rate curve appears to follow the theoretical curve very well at the top end, but

departs from itbelow 160,000 feet. Density data derived from these data were not satis-

factory. Data from the 16-inch draped formed sphere, Figure 5, were completely unsat-

isfactory. This poor performance was probably due to the rough and inaccurate shape

of the draped formed sphere. Some improvement could possibly have been made with

further development of this construction technique.

In an effort to eliminate some of the problems of the use of inflatable spheres as

passive density sensors, a development effort was started to develop a self-erecting
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ram-air inflated configuration. As a result of this study, a biconical ram-air inflated

balloon evolved, Figure 6. This configuration is comprised of a frustum of a 45 ° cone

with a 28 ° cone extending the air inlet opening and the attached weight forward of the

center of pressure. An octagonal shape of the top was selected, rather than circular, to

preclude the generation of one large helical vortex which might generate a coning motion

during descent. The aerodynamic characteristics of this device, determined by the

University of Minnesota,* are presented in Figure 7 and illustrate why this shape was

selected. The moment coefficient curve indicates excellent stability characteristics

with no areas of neutral stability. The tangent-force coefficient curve indicates that

there is virtually no change in coefficient with angle of attack for the small angles of

attack which would be associated with the high degree of stability of the device.

From an aerodynamic standpoint this is an ideal shape; however, construction of

such a shape has presented many problems since the shape is not determined entirely by

the internal pressure. A construction, using quarter-mil mylar for the conical surfaces

and internal supporting ribs with a one-mil roof panel, evolved from environmental testing

as the construction which would produce the theoretical shape in free flight. However,

free-flight tests showed good fall rate curves, but not with the same drag coefficient

values as determined by the University of Minnesota. There was good agreement in per-

formance among units manufactured at the same time, but poor agreement between manu-

facturing lots. Figure 8 illustrates this discrepancy between the theoretical fall rate

and the actual performance. In an effort to improve this condition the configuration was

changed to one without sharp corners, a shape that could be determined by the internal

pressure. Such a shape is shown in figure 9. The performance of this configuration has

been very satisfactory, as illustrated in Figure 10. However, the drag coefficients used

for the theoretical fall rate are only estimated. Once a sufficient number of flight tests

have been completed to establish reliability and reproducibility of this configuration, the

actual drag coefficients will be determined.

Temperature-sensing instrumentation is also undergoing further development with

the HASP system. Instrumentation currently under evaluation has a total weight of less

than six ounces. It is the ultimate objective to combine the density sensor and instrumen-

tation to derive density from fall rate and measure the temperature. The fall-rate curve

in Figure 10 is such a combination. With the lightweight instrumentation the fall rate is

approximately half of that of a Robin sphere, which should provide a more sensitive wind

and density sensor than the Robin in the upper atmosphere, i.e., above 40 kilometers.

*U.S. Air Force Contract No. F33615-67-C-1010.
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Figure 9.- Revised version of configuration of figure 6.
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OPERATIONAL EXPERIENCE WITH PASSIVE FALLING

SPHERES ON THE AFETR*

By O. H. Daniel

Pan American World Airways, Inc.

Aerospace Services Division

Patrick AFB, Fla.

The use of small rockets to measure meteorological parameters above the altitude

limits of the balloon rawinsonde systems began on the Air Force Eastern Test Range

(AFETR) in 1957. The Range at that time was known as the Atlantic Missile Range and

the first meteorological rockets used were of the Loki II type with radar-reflective-chaff

payloads. The Army Ballistic Missile Agency at Huntsville, Alabama, the range user,

conducted their own launch operations during the early part of their program. The high-

altitude data were needed at that time to assess the environmental conditions affecting the

R & D testing of the Jupiter and Redstone rocket systems.

In 1959, the Air Force Cambridge Research Laboratories (AFCRL) implemented a

development program to try and improve the performance of the Loki II meteorological

rocket. Their version of this system was called the Overrange Wind Logging system

(OWL) and also used a radar-reflective-chaff payload. Data for altitudes as high as

250 000 ft were required in 1959 and 1960 for programs such as testing of the Atlas and

Titan missile systems. This was somewhat above the altitude capability of the Loki II

system when launched from sea level. The effort to improve the performance of the sys-

tem was not significantly successful and therefore was discontinued after a short flight-

test series.

During the same period the Office of Naval Research was engaged in a development

effort to develop the meteorological rocket system which became known as the Arcas.

This development effort was also supported by the Air Force and Army. The Air Force

Cambridge Research Laboratories developed the inflatable falling-sphere payload (Robin)

for use with the Arcas rocket, while at approximately the same time, the Army was

developing various configurations of parachute-borne sonde payloads, also for use with

the Arcas.

The first flight tests of the Arcas/Robin system were conducted on the AFETR in

1959. This series consisted of 25 systems, 13 of which properly deployed the Robin

sphere at or near apogee. The average apogee altitude reached by these 13 systems was

over 200 000 ft. A number of the remaining 12 systems ejected the sphere successfully,

*Activities reported upon in this paper were performed under contract to the Air

Force Eastern Test Range, Air Force Systems Command.
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althoughvarious malfunctions occurred with the payload, suchas rupture and partial
inflation. During the period 1960through 1961the Arcas rocket system wasused inter-
spersed with Loki II chaff systems. The payloadsused with the Arcas at that time were
mainly Delta, Gamma,andAN/DMQ-6 sondesdevelopedby the Army and furnished to the
AFETR to support the early Meteorological RocketNetwork (MRN) effort. Concurrently,

other series of flight tests of the Arcas/Robin system were conducted at Eglin AFB,

Holloman AFB, and NASA Wallops Station.

To provide some idea of the Arcas/Robin performance of the system during the

1960-61 period, the 104 systems launched at Eglin AFB produced usable density data in

40 cases. The average apogee altitude of the 104 systems launched was 226 000 feet. Of

the systems which produced usable density data, the average layer thickness of the density

data was 69 000 feet. The average lower altitude limit of the density data for the 40 suc-

cessful systems was 142 000 feet. The Arcas/Robins launched at Holloman and Wallops

Station resulted in somewhat lower performance for the Robin sphere than that obtained at

Eglin AFB during this period.

Beginning in late 1961, a number of Arcas/Robin systems were procured by the Air

Force and made available for both missile test support and MRN activities. Fifty-six of

these systems were launched in 1962 of which 45 produced usable density data. In 1963,

72 systems were launched, 48 of which produced usable density data. Thirty-four sys-

tems were launched on the AFETR in 1964, 31 of which were completely successful. The

average apogee altitude for these three years of operation with the Arcas/Robin system

was approximately 212 000 feet. The average lower limit for the usable density data

obtained was about 145 000 feet. In 1965, 101 Arcas/Robins were launched, 89 of which

produced usable density data for an 88-percent success rate. The average apogee alti-

tude reached by these 101 launches was 210 000 feet, and the lower limit for the usable

density data still averaged near 145 000 feet.

During the period 1962 through 1965, the Arcas/Robin systems were used primarily

for MRN support. Several of the missile test programs on the Range during that period

had stringent requirements for wind, density, temperature, and pressure data from the

surface to about 250 000 feet. The Arcas/Robin system was performing well and pro-

ducing what appeared to be good density and wind data in the region of from 145 000 to

200 000 feet. However, a severe gap in the density data existed between the upper limit

of the rawinsonde observations at about 105 000 feet and the average Robin balloon col-

lapse altitude near 145 000 feet. The acquisition of density and temperature data in the

intervening 40 000-foot layer was significantly more important than the acquisition of the

data to altitudes above 200 000 feet. This is because of the obviously greater effects of

the atmosphere on missile system performance at the lower altitudes.
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From the early daysof the developmentof the Robin spherepayloadfor the Arcas
rocket, there were several reservations in the minds of meteorologists at the AFETR
regarding the reliability of the density data beingobtained. These reservations stemmed
from our experiencewith numerouschaff payloadlaunches,which on manyoccasions
seemedto indicate the presenceof significant vertical componentsto the high-altitude
wind field. This, in our opinion at that time, causeduncertainties in the meanlayer den-
sities computedfrom the Robindata. We suspectedother uncertainties in the data caused
by the questionablereliability of drag information available at that time for use in the
data-reduction routine. Several times during the developmentof the Robindata-reduction
process, changesin drag datawere madeas a result of additional data analysesand study.
This had the effect of changingdensity values previously computedby several percentage
points and, in one case,by a range of from 10 to 15percent.

Someof the AFETR test programs required temperature data for use in evaluation
of heat-transfer processes in the developmenttesting of ablative materials and reentry
vehicles. A particular program having important needsfor density and temperature data
in the critical region from 100000to 200000feet was the aerothermodynamic structural
systems environmental test (ASSET)program. Sincethesedata requirements were not
being met by the Arcas/Robin system, the launch sites that were activated at Eleuthera,
SanSalvador, GrandTurk, andAntigua to support this program used the Arcas rockets
with sonde-typepayloads.

During the mid-1960's, a sondepayloadwas developedfor the Loki II meteorological
rocket system. There was also a Robinpayloadadaptedto the Loki system but this was
never employedon the AFETR. With the adventof the sondepayloadfor the low-cost
Loki system and its marked advantageover the Robin in the measurement region between
100000and 150000 feet, nearly all test support data since 1965havebeenprovided on the
AFETR by sonde-typepayloadswith either the Arcas or Loki II rockets. The exception
to this has beenthe useof the Viper-Dart-Robin system to acquire data above200 000ft.
Someof our MRN requirements have beenpartially met by the use of Arcas rockets with
outdatedRobinpayloadswhich were not expectedto inflate properly for density determina-
tions but were used only for wind measurements.

The Viper-Dart rocket system with Robinpayloadbecameavailable for use on the
ETR in the fall of 1968in time to support the high-altitude data requirements of the
Apollo 7 launch from CapeKennedy. The Viper systems used on the ETR during the past
year havebeena combinationof developmentalflight-test models launchedin support of
an AFCRL developmentproject anda quantity of preproduction models purchasedby the

_ ETR for Apollo launchsupport.

For the Apollo support, density andwind data to 295000 feet are required. At the
present time, the Viper-Dart vehicle with a Robinpayloadis the only near-operational
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system capableof supplying these data to this altitude. Of 20 similarly configured Viper-

Dart systems with Robin payloads, 12 produced the required wind and density data to

295 000 feet. The average apogee altitude achieved by these 12 systems was 430 000 feet,

and the average lower limit of usable density data was about 170 000 feet. The average

thickness of the layer through which density data were obtained was therefore 125 000 ft.

Wind data were generally usable beginning at about 20 000 feet above the altitude for the

usable density data, and of course, the wind data were obtained well below the minimum

altitude for the density data by continuing to track the partially collapsed sphere.

Of the eight systems which failed to produce the required data, three failed because

of no inflation of the sphere; one, because of a motor malfunction; one, because of no pay-

load separation; and three, because of late radar acquisition of the payload.

We plan to continue the use of the Viper-Dart system with the standard Robin pay-

load during the immediate future to obtain density and wind data above the altitude of the

Loki-Dartsonde system. By using Rawinsonde, Loki-Dartsonde and Viper-Dart-Robin

systems, complete profiles of winds and densities are obtained to approximately

295 000 feet, with additional parameters such as temperature and pressure being obtained

from the surface to the top of the Loki-Dartsonde profile at about 200 000 feet.

The data from the three different observations, Rawinsonde, Dartsonde, and Robin,

display remarkable agreement in the overlap regions. One area presently causing some

difficulty is in the transonic-fall-rate region of the high-altitude Robin system where

some unusual oscillation in the density profile is evident. Recent investigations of this

problem by AFCRL and the University of Dayton Research Institute have resulted in the

experimental use of some revised drag data which, in most cases, seems to improve the

consistency of the computed density in the area of concern. The fall rate of the Robin

sphere when deployed at above 400 000 feet with the Viper-Dart rocket system is tran-

sonic at approximately 233 000 feet. The layer of questionable density data usually

extends over several thousand feet on either side of this point, though predominantly on

the subsonic side. In general, density data computed throughout the altitudes where the

sphere is falling supersonically appear quite consistent, which seems to suggest some-

what more reliable data than those obtained in the subsonic-fall-rate region.

68



CAPABILITY OF N0L BALLISTICS RANGES FOR OBTAINING

SPHERE DRAG COEFFICIENT DATA

By W. Carson Lyons, Jr.

U. S. Naval Ordnance Laboratory, White Oak

SUMMARY

Descriptions of three ballistics range facilities at the

Naval Ordnance Laboratory are presented. The Mach number-

Reynolds number capability for each facility is shown for the

case of obtaining drag coefficients of spheres. It is shown
that these three facilities can cover most of the Mach number-

Reynolds number field between Mach numbers of 0.1 and 22 and

between Reynolds numbers of l01 and 107. A discussion of various

sources of errors involved in measuring sphere drag coefficients

in a ballistics range and of estimates of the magnitude of the
errors is presented.

INTRODUCTION

The well-equipped, modern, ballistics range represents a

unique facility for determining the aerodynamic drag and

stability characteristics of proJectiSes in free flight. These

projectiles can be intricate models of full-scale vehicles,

full-scale armament projectiles, or a very simple aerodynamic

shape, such as a sphere. Part of the uniqueness of this type
of facility is the wide range of test conditions that can be

achieved for the simulation of various flight environments. Of

the various measurements that can be made in a ballistics range,

the drag coefficient is determined with the highest degree of
accuracy.

Although there are many ballistics ranges in operation in

the United States, the three aerodynamic-aerophysics ranges at

the Naval Ordnance Laboratory form a good representation of

ballistics range capabilities. Therefore, no attempt will be

made to present a survey of ballistics ranges and their capa-
bilities in general. Most of the discussion of measurements

of drag coefficients will apply to any mode] configuration,

although, where it is necessary to be more specific, only the
determination of the drag of spheres will be considered.
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SYMBOLS

a

A

b

C

CD

C
PM

f

g

m

M

Re

Re d

t

V

W

Y

speed of sound or semimaJor axis of an ellipse

reference area

semiminor axis of an ellipse

constant in linear drag coefficient relation_ Eq. (8)

drag coefficient

maximum pressure coefficient

constant in linear drag coefficient relation; Eq. (8)

acceleration of gravity

mass of projectile

Mach number

Reynolds number

Reynolds number based on sphere diameter

time

velocity

weight of projectile

vertical distance in the ballistics range measured

from range centerline

Z longitudinal distance in the ballistics range

8 ballistic parameter (W/CDA)

gas density

a standard deviation

Subscripts:

m indicates midrange conditions

o indicates initial conditions

. indicates free-stream conditions
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DESCRIPTION OF FACILITIES

There are three ballistics ranges currently being operated
at the Naval Ordnance Laboratory suitable for making either drag
or drag and stability measurements. They vary from a small,
5-inch-diameter, 300-foot-long facility referred to as the
Aerophysics Range to the largest of NOL's range facilities, which
is lO feet in diameter and lO00 feet long, referred to as the
lO00-foot Hyperballistics Range. The third facility, an inter-
mediate size facility, is called the Pressurized Ballistics Range.
A description of each of these three facilities, their instrumenta-
tlo_ and their testing capabilities will be presented.

1000-Foot Hyperballistics Range (HBR)

This facility consists of a lO-foot-diameter, lO00-foot-long
steel tube. Models are launched into this testing chamber using
a two-stage, light gas gun. An artist's drawing of the launcher
and a portion of the steel tube and supporting structure is shown
in figure 1. The ambient pressure of the air within the lO00-
foot-long test chamber can be varied from one atmosphere down to
approximately 0.5 tort. The temperature of the air in the tube
is maintained at approximately 65°F. Although most tests are
conducted in air, a nitrogen atmosphere can be substituted for
tests that require pressures of only 200 torr or less.

Instrumentation for conducting drag and stability tests
currently includes 37 dual-plane spark shadowgraph stations
covering a testing length of 870 feet. Figure 2 is a photograph
of the inside of the lO-foot-diameter tube showing some of these
stations. Each station consists of two barium-titanate spark
light sources, two cameras, two 4-foot-diameter spherical reflec-
tors, and a model detection system. A schematic drawing of one
of these stations is shown in figure 3. It is seen from this
drawing that, although the range tube is I0 feet in diameter,
the usable cross section is approximately a 22-inch-diameter
circle in the center of the tube. The model detection system
with which each of the 37 shadowgraph stations is equipped
detects the model and activates the spark light source when the
model is in the field of view of the station. This system has
sufficient sensitivity to detect spheres as small as 3/16 inch
flying in this facility.

The model launcher used with this facility is a two-stage,
light gas gun currently having a 2-inch, smooth-bore launch tube,
80 feet long. A 4_inch-inside-diameter launch tube is also
available for this gun. Hydrogen is used as the working gas to
launch the models. Slender conical models have been launched at
velocities in excess of 25,O00 ft/sec. Spheres can be launched
at even higher velocities. 71



The first 80 feet of the 100o-foot test chamber are
separated from the remainder of the range by a bulkhead having
a 13-inch-diameter hole on the range centerline. This 13-inch
hole is further restricted to 3 inches for most tests. This
section of the range is referred to as the blast tank and is
used to catch the hydrogen following the model out of the gun

barrel. The sabot used in launching the model is stripped from
the model and impacts in this section. Three short-duration

X-ray stations are mounted in this section to monitor the sepa-
ration of the sabot from the model and to determine the structural

integrity of the model after undergoing the high-acceleration

phase of launching. The stations are located 6.5, S6.5 and
26.5 feet from the gun muzzle.

Pressurized Ballistics Range (PBR)

The Pressurized Ballistics Range utilizes a steel tube,
300 feet long and 3 feet in diameter, as a test chamber. A

variety of guns can be mounted at one end of this tube for

launching models. The pressure of the test gas within this

facility can be adjusted from five atmospheres to approximately
two torr. Except for a 20-foot-long special instrumentation

section, the temperature of the gas in this range is maintained

at 74°F. In the 20-foot-long special instrumentation section,
the temperature can be varied from -280°to +lO00°F. Tests in

gases other than air can readily be conducted in this facility
(ref. 1). A gas chromatograph and a mass spectrometer are

available for monitoring the constituents of the test gas at
five locations along the tube.

Twenty-seven dual-plane shadowgraph stations are used to

determine the trajectory of a model flying in the range. The

stations cover a usable testing length of 188 feet. These

stations are directly illuminated shadowgraphs. A short-duration

spark light source on one side of the range tube directly illu-

minates a vertical, 14xlT-inch glass photographic plate. Light
from this single light source is reflected off a flat-faced

mirror at the top of the tube to illuminate a horizontal photo-
graphic plate located at the bottom of the tube. This results

in a set of pictures of the model in orthogonal planes at each
of the 27 stations. A sketch of one of these stations is shown

in figure 4. Each station is equipped with a model detection
and triggering system.

For velocities up to approximately 5000 ft/sec, several
different size powder-driven guns are available for model

launching. Velocities greater than 5000 ft/sec require the
use of a two-stage, light gas gun. This gun can launch models

at velocities up to approximately 22,000 ft/sec and has a
1.B-inch-inside-diameter launch tube.
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This facility is equipped with a blast tank in which the
sabot is stripped from the model and in which most of the
driving gases are retained. Two X-ray stations in the blast
tank monitor the separation of the sabot from the model shortly
after they emerge from the gun muzzle.

Aerophyslcs Range(APE)

The Aerophysics Range consists of a 5-inch-diameter test
chamber, 350 feet long. Models are launched down this tube
using a two-stag% light gas gun. The pressure of the test gas
in this facility can be controlled from one atmosphere down to
0.2 tort. The test gas is also maintained at room temperature.
A photograph of this facility is shown in figure 5. Because of
the small volume of this test chamber, various test gases can
conveniently be used.

The instrumentation in this facility for measuring drag
coefficients consists of four single-plane, high-resolution,
rotating-mirror camera stations and associated detection and
triggering units.

Velocities up to 23,000 ft/sec are achieved with a two-
stage, light gas gun having a smooth-bore barrel 0.375 inch in
diameter.

The initial 18 feet of the range tube form the blast tank
for this facility. As described for the other two facilities,
the sabot is removed from the model and captured in this chamber.

TEST CONDITIONS

The drag coefficient of a sphere has been discussed
thoroughly by many authors and investigators (for example,
refs. 2, 3, and 4). The purpose of this current discussion will
be to reiterate the pertinent similarity parameters for different
flow regimes that must be duplicated when performing scaled
experiments in ground-based test facilities.

Flow regimes can be specified as indicated by Tsien (ref. 5)
by ratios of the Mach number to Reynolds number functions. These
flow regimes are illustrated in figure 6. The continuum f_ow
regime is represented by the two regions defined by M/R_ _ o.1.
The ordinary gas dynamic regime is a continuum flow regime where
it is assumed that "no sllp" (zero fluid velocity) occurs at a
body surface, while, in the slip flow regime, the f_ow is con-
sidered continuum but a finite velocity is assumed to exist at
a body surface. For values of M/Re _ l0 (this is representative
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of large Knudsen numbers), the flow is considered in the free
molecular regime. Between the slip flow continuum regime
and the free molecular regime, there is a transitional region.

Within these flow regimes sphere velocities can be subsonic,
supersonic, or in the transonic region. It can be shown, in
general, that to duplicate the drag coefficient of a sphere, it
is sufficient to duplicate the Mach number and the Reynolds
number. In rarefied gas flow regimes, the Knudsen number is a
significant parameter. However, the Knudsen number can be
expressed approximately as a Mach number-Reynolds number function.

Figure 7 is a plot of the drag coefficient for a sphere as
a function of Mach number, for continuum flow. The two branches
of the curve in the subsonic region reflect the difference in
the drag coefficient for a subcritical and a supercritical
Reynolds number. The curves in figure 7 were compiled from
information in reference 2.

One current use of accurate measurements of drag coeffi-
cients of spheres is in the determination of the atmospheric
density at various altitudes from descending sphere experiments.
In these experiments spheres are launched to high altitudes,
released, and allowed to fall. The trajectory of the sphere is
then determined, usually by radar tracking. Since the trajectory
of the sphere is uniquely a function of the atmospheric density
and the ballistic parameter (W/CDA) of the sphere, accurate
measurements of the drag coefficient, weight, and size of the
sphere, along with the trajectory information, allow the density
to be determined. To illustrate Mach numbers and corresponding
Reynolds numbers for a typical free-fall balloon trajectory,
calculations have been performed for three different size-
weight combination balloons. For all three cases trajectories
were calculated by assuming that the spheres started falling
with zero velocity from an altitude of 300,000 feet. During
actual tests two of the balloon systems are carried to their
release altitude using a Nike-Cajun sounding rocket. The one-
meter balloon is part of the Robin system. The Mach number-
Reynolds number trajectory resulting from these calculations is
presented in figure 8. Although the maximum Mach number attained
during the flight of any of these three example spheres does not
exceed 3, nor the Reynolds number exceed i x 106 tests in a
ballistics range can be conducted at much higher Mach numbers
and slightly higher Reynolds numbers.

From the discussion on drag coefficients it was shown that,
except for a few certain flow regimes, both the Mach number and
the Reynolds number must be duplicated when performing scaled-
model tests to determine the drag coefficient for spheres. It
is, therefore, appropriate to show the Mach number-Reynolds
number field which can be covered by the three ballistics range
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facilities described earlier. The Mach number that can be
_attained in a ballistics range is only a function of the flight
velocity of the projectile. The temperature of the test gas,
and hence the speed of sound in the test gas, is essentially a
fixed value. For air at room temperature, the speed of sound is
approximately II_0 ft/sec. Hence, M_ = V_/l140, where V_ is
expressed in feet per second. The pressure of the air in a
ballistics range can be set at any desired value, commensurate
with the pumping capability and structural strength of the test
chamber, and is independent from the flight Math number. Since
the temperature is essentially a fixed value_ the Reynolds number
can be expressed for room temperature air as

Red =0.57 P_M® d x lO 6 (i)

where P_ is expressed in atmospheres and the sphere diameter, d,

in inches. The maximum-diameter sphere that can be launched at

various Mach numbers in the Hyperballistics Range and the

Pressurized Ballistics Range is shown in figure 9. These sphere

diameters were used in computing the maximum Reynolds numbers
that can be achieved.

The maximum and minimum Mach number-Reynolds number envelope

for the supersonic and hypersonic regime that can be achieved in

the three ballistics range facilities is shown in figure 10.

Only the boundary of the envelope unique to each particular

facility is shown. A large region of overlap among all three

facilities exists in the center portion of the envelope. This
envelope is based on the use of the two-stage, light gas guns
available for use in each of the three facilities.

The upper boundary of the envelope is dictated by the maxi-

mum velocity that can be achieved reliably with the gas gun

model launchers. The Hyperballistics Range can achieve a Mach

number of 22, while the other two ranges can achieve a Mach
number of 20.

The maximum Reynolds numbers for Mach numbers of 20 or less

(see the right-hand boundary of the envelope) are achieved in

the Pressurized Ballistics Range. Even though larger spheres

can be launched in the Hyperballistics Range, larger Reynolds

numbers can be obtained in the Pressurized Ballistics Range,

since it can be operated at a pressure of five atmospheres,
five times greater than the HBR. The smallest Reynolds numbers

for Mach numbers between approximately 2 and 20 are obtained in
the Aerophysics Range. These Reynolds numbers are based on sphere

diameters of 400 microns and range pressures of 0.2 torr. Tests

using spheres this small can only be conducted in this facility,

since it is the only facility that has a model detection and

triggering system for the instrumentation sensitive enough to

detect a sphere only 400 microns in diameter.
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The minimum Math number forming the lower boundary of the
envelope, shown in figure 10, is a result of the usable cross
section of each of the three facilities involved. The usable
cross section for the HBR is approximately a 22-inch circle in
the center of the 10-foot-diameter tube formed by the field of
view of the instrumentation. This can be seen in figure 3.
Steel baffle plates having a 13-inch square opening in the
center separate each instrument station in the PBR. These
openings restrict the usable cross section in this facility.
The 5-inch diameter of the Aerophysics Range tube represents
the usable cross section of this facility. For supersonic and
hypersonic testing, the gas guns are used. The centerlines of

the launch tube of these guns are aligned to coincide with the

centerline of the range tube. If the launch velocity of a pro-

Jectile is too low, the projectile will drop out of the usable

cross section of the range before traveling a sufficient length
downrange to allow a drag coefficient measurement to be made.
The minimum Mach number has been calculated from the relation

Mmin- a=p= I--_Y" e - 1 (2)

In this relation Y is the allowable vertical drop. This is
iI inches, 6.5 inches, and 2.5 inches for the HBR, PBR, and APR,

respectively. The value of Z used was 300 feet, 236 feet, and
300 feet for the HBR, PBR, and APR, respectively. Minimum Mach

numbers were calculated only for the maximum and minimum Reynolds
numbers for each of the three facilities. Straight lines were

then used to connect these points to Eorm the lower boundary of

the envelope in figure IO.

For low supersonic and subsonic testing, only the Pressurized

Ballistics Range can be used presently. In addition to the gas
gun, smaller powder-driven guns are available for use in this

facility. The centerline of the barrel of these powder-driven
guns can be elevated at various angles with respect to the

centerline of the range tube. This allows, with the gun set at

the proper elevation angle, the full 1B-inch usable cross sec-

tion of the PBR to be used, rather than Just half of it as is

the case with the gas gun. Further, the location of the powder
gun when mounted in the PBR puts the muzzle 13 feet from the

first usable shadowgraph station. The first usable station in

this case is station number 4, which limits the total number of

instrumentation stations to 24. Using standard projectile

ballistic equations (see, for instance, ref. 6), trajectories

of a 2-inch-diameter sphere have been calculated for initial Mach

numbers from 0.I to 0.6 and a range pressure of 5 atmospheres.

These calculations were performed for the gun aligned at an
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elevation angle that allows almost complete use of the usable

I3-inch-square cross section of the PBR. These trajectories

have been6Plotted in figure II. For M. = O.l,a flight of approx-
imately 3 feet of instrumented length can be achieved. This

will allow the sphere to be observed at five stations. For

M, = 0.2, the sphere can be observed by 12 stations. For initial

Mach numbers of 0.6 or greater, a 2-inch sphere flying in air at

a pressure of 5 atmospheres will travel the full length of the

range. The calculations represent the highest Reynolds numbers
that can be achieved at these subsonic Math numbers. To investi-

gate the lowest Reynolds numbers that can be achieved at these

subsonic Mach numbers, additional calculations were performed
for a sphere having a B/16-inch diameter and a range pressure of

2 tort. These calculations indicated slightly more favorable

conditions. A small increase in testing length was realized.

A Mach number-Reynolds number field for Mach numbers less

than 2 that can be achieved in the Pressurized Ballistics Range

is shown in figure 12. It can be seen by comparing figures 8,

I0, and 12 that the Mach number and Reynolds number can both be

duplicated in one of the three ballistics range facilities for

a significant portion of a typical trajectory for a falling

balloon. Specifically, data at Mach numbers below approximately
0.I cannot be obtained at any Reynolds number.

Further, data cannot be oOtained at any Mash number for
Reynolds numbers less than approximately 3 x l0 _. Data can

be ob_alned for all other Mach number and Reynolds number com_
binations up to Mach number 20 and Reynolds numbers of 1 x l0 .

DATA REDUCTION AND ESTINATES OF ERRORS

The method used to obtain values for the drag coefficient

from ballistics range tests consists of fitting measured time-

distance points to an algebraic relation. This relation is

obtained from the longitudinal equation of motion for a projec-

tile flying in the ballistics range given as

I_ 2) dV.-C D p®V A = m d7 (B)

Assuming a constant drag coefficient, this equation can be

solved to give

where

Z-Z m = Zo + p-_In l+Ir _ .(t-t m

B : w/coA

(4)
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and Zm and tm are the values of the distance and time for the

station nearest midrange. This equation is approximated by
using the first three terms of the series expansion for the

logarithmic function, and the resulting equation

Z-Zm = Zo+V® (t-tin)-_P_ _2-_-V_(ttm]12+i/P"_2V__-_)X(t-tin) 3 (5)

is fitted by the method of least mean squares to the time-

distance data. The drag coefficient and the velocity at the
station nearest midrange are computed from the constants of

Eq. (5). This, of course, requires that the mass of the model

and the density of the test gas be measured prior to launching
the model.

Using the shadowgraph stations in the ballistics ranges,

the position of models can be determined to within ±0.002 foot

and time to 2 x lO -7 seconds. The weight of a model, up to

i000 grams, is determined prior to launching, using NBS class S

weights, and is considered to be accurate to within _O.l milli-

gram. The diameter of a sphere is measured prior to launching

to an accuracy of ±0.O001 inch.

The error in measuring the range pressure is less than 0.2

percent at pressure as low as 0.2 torr. The percent error is,

of course, less as the range pressure being measured increases.
The maximum leak rate at the lowest pressure in any of the

ballistics ranges is 0.08 torr per minute. Normally the pumps

are turned off approximately 30 seconds prior to launching the

model. For tests conducted at very low pressures, where the

leak rate might be significant, pumping can be maintained

throughout launching.

The temperature of the test gas in the ballistics ranges

is measured at three locations. As previously mentioned, the

temperature is approximately 74°F and is measured to within
±O.I'F.

Some analyses have been performed to illustrate the magni-

tude of the error in C D due to various effects. One effect

considered is sphere distortion, where the body for which it

is assumed a drag coefficient is being measured has been dis-

torted into a nonspherical shape. Another effect considered

is the use of a constant C D data reduction method for reducing

data from variable CD trajectories. Finally, the effect of

inaccuracies in distance measurements and number of avai]able

data stations will be discussed.
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For high-velocity testing (M® > ]5) the spheres undergo
very high accelerations during the launching phase of the test.
It is conceivable that_ un4er this high-inertial loading, a
sphere of certain materials which do not possess sufficiently
high strength might become distorted. Estimates have been made
to determine the error induced in the drag coefficient resulting
from distortion of the sphere. During launching it is assumed
that it could become flattened. To represent the resulting body
of revolution, an ellipse has been rotated about one of its axes
to form an axisymmetric body. Using modified Newtonian impact
theory, the drag coefficient of such a body is given as

c (b/a)2[ I
_ PM [ 1 ,,in(b/a)2 (6)

CD B (b/a)2_l I - -(b/a)-1

The percent error induced by flattening a sphere is defined as

CD B- CD S

%AC D x 100
= CDS

(7)

where CDs is the drag coefficient of a sphere given by Newtonian

impact theory as CDs _ CpM/2. The results of these calculations

are shown in figure 13. It is seen from figure 13 that the curve

is nearly linear. The error in drag coefficient for I percent

flattening is approximately 0.6 percent. The curve has been

plotted for two cases: The upper portion of the curve is for the
case of the minor axis of the ellipse aligned with the velocity

vector, while the lower portion of the curve is for the major

axis aligned with the velocity vector.

As was illustrated in the section on drag coefficients,

there is a large change in C D with variation in Mach number in

the transonic region (0.6 _ M _ 1.75). In the relations used

for reducing the time-distance data to drag coefficients, it was

assumed that the drag coefficient remained constant during a

flight in the range. This assumption is certainly valid in the
subsonic and hypersonic continuum flow region. However, in the

transonic region this assumption is not valid, and significant

changes in the drag coefficient can occur if the velocity decre-
ment during a flight is too large. In practice, the drag coeffi-

cient derived from a test in the ballistics range is associated

with the midrange Mach number, since there is always some change

in velocity during a flight. To investigate the error in the

drag coefficient resulting from a ballistics range test, Eq. (3)

was solved for the case of CD,varying linearly with velocity
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(or Mach number for a constant range temperature) and expressed
as

CD = c + fV (8)

The solution of Eq. (3) is

Z m

(9)

The solution of Eq. 13) for the case of a constant drag coeffi-
cient (c = CD; f = O) is

Z - 28 in V
p® VO (10)

Equating Eqs. (9) and (i0) and solving for CD results in a

relation for an average value of CD computed from a variable C D

trajectory. This equation is given as

V

c lnv_ °

v (r + C/VoCDA In _oo { V/Vo+c/Vo/

(11)

Notice that the average CD is only a function of the initial

velocity and the final-to-initial velocity ratio. As is the

practice in ballistics-range data reduction, this CD is asso-

ciated with the Mach number which occurs at the midrange value

of Z. Referring to Eq. (8), an exact value of CD is

CDE =c + fV m (12)

A percent error in CD due to using a constant CD data reduction

method to reduce data obtained from a variable CD trajectory
can be defined as

CDE - CDA

%AC D - X i00 (13)
CD E
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Values of %_CD will be a function only of the initial velocity
and the final-to-initial velocity ratio, which can be expressed
as a percent velocity decrement. Calculations were performed
for initial velocities from 794 to I_75 ft/sec and for percent
velocity decrements from 0 to 38 percent. It was found that the
value of the initial velocity has a negligible effect on the

results. The percent error in CD is shown as a function of the

percent velocity decrement in figure I_. It is seen that a
i0 percent velocity decrement results in only O.l percent error

in CD. Although it is recognized that this is an idealized

calculation, it does serve as a guide when performing tests in

a ballistics range in the transonic flow regime where there are

large variations in CD with Mach number. The results also indi-

cate that, except for extremely large velocity changes, a negli-

gibly small error is incurred in the CD measurement.

A digital computer program was utilized to illustrate the

effect of measuring accuracy, number of stations, and station

spacing in the N0L ranges on the accuracy of measured drag
coefficients. An "exact" time-distance trajectory was calculated

using the standard ballistic trajectory equations for a projectile

previously mentioned. It was then assumed that the times were
exact, but some error was incurred at each measuring station,
which alters the value of Z. It was assumed that the maximum

error or alteration in Z is _0.002 foot. At each value of Z to

be perturbed, the computer chose at random an integral number
between I and I0. If this number was even, the perturbation in

Z was positive, while if the number was odd, the perturbation
was negative. The magnitude of the perturbation was determined
as follows: A Gaussian distribution curve was used in which

the peak of the curve is taken as zero along the ordinate to a
value of I at the origin of the ordinate. Along the abscissa

the peak of the curve corresponds to zero while the 3a point

corresponds to I. Again using the computer, a random number was
selected between 0 and I. This number was located along the

abscissa which then specified a number between 0 and I along the

ordinate corresponding to the Gaussian curve being used. This

number obtained along the ordinate was multiplied by the maximum

possible error of 0.002 foot. The result was the magnitude of

the perturbation applied to the value of Z being considered.

Eq. (5) was then fitted to these new values of Z and their cor-
responding values of time. This allowed a value of CD to be

determined for measurements considered obtained from a prescribed

number of stations, with a given distribution, and with a normal

distribution of error. For any set of conditions, this process

was performed ten times. The resulting drag coefficient from
each of the ten runs was compared to the original or "exact"

value of CD used in performing the trajectory calculations. A
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standard deviation is defined as

a = i=O D(exact) - CD(Calculated) (14)
I0

A percent error in the drag coefficient is given by

%ACD_ 2aCD(Calculated) (15)

Using 2q in de_rm_ing the percent error means that 95 percent of
the tests conducted will have percent errors equal to or less
than the value given by Eq. (15). Using this analysis, selected
Mach number-Reynolds number conditions were investigated. Since
the error incurred for any particular condition is a function of
the deceleration of the projectile, for each Mach number-Reynolds
number condition several different combinations of sphere diam-
eter and range pressures were used. Calculations were made for
both copper and lexan spheres, giving a large difference in the
material density an_ hence, their trajectory. This allowed a
selection of the near minimum error to be made corresponding
to the optimum amount of deceleration.

The results of this investigation are shown in figure 15.
It is seen that the error in the drag coefficient is equal to
or less than I.I percent for Reynolds numbers greater than I x lO 4
at all Mach numbers considered. Errors are larger at subsonic
Mach numbers and low Reynolds numbers due to the lack of suffi-
cient velocity decrement in the flight trajectory. Accurate
measurements at low Reynolds numbers can be made in the APR.
This results from the small-size sphere that can be tested in
this facilit_ allowing sufficient deceleration to occur during
a flight. A study similar to that Just discussed on the number
and location of measuring stations was presented in reference 7.

CONCLUSI ONS

Ballistics ranges allow extremely accurate drag coefficients
of spheres to be measured over a wide variation in Mach numbers
and Reynolds numbers. To obtain the maximum accuracy at a speci-
fied Reynolds number, care should be exercised in selecting the
size of the sphere, the material for sphere fabrication, and the
pressure of the test gas. These three parameters should be
selected to obtain the optimum amount of deceleration during a
flight. Accurate measurements can be made in the transonic region
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if the velocity decrement is maintained at I0 percent or less.

Spheres should be fabricated from materials with sufficiently

high strength to eliminate the possibility of distortion during

the high-acceleration launch phase of a test.
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AN ASSESSMENT OF SPHERE DRAG COEFFICIENT DATA

By Helmut G. Heinrich and Robert A. Noreen

University of Minnesota

INTRODUCTION

In order to reliably determine atmospheric conditions from

the descent velocity of a sphere, the drag coefficient of the

sphere as it falls through the air must be known to a high degree

of accuracy. This paper covers wind tunnel studies which estab-

lished drag coefficients from 360,000 ft. altitude down for a one

meter sphere with a given weight, when ejected from a rocket at
an altitude of 450,000 ft. The wind tunnel test conditions were

adjusted for simultaneous duplication of the Mach and Reynolds

Numbers as they occur during the descent of the sphere in a

standard atmosphe;re. The range of the test conditions was wide

enough to cover the expected atmospheric deviations.

TEST FACILITIES

The drag coefficient of a perfect sphere moving through air

is a function of the Mach and Reynolds Numbers and under certain
conditions also of the Knudson Number which is, however, a com-

bination of Mach and Reynolds Numbers. These relationships re-

quire that meaningful drag measurements must be made with simul-

taneous duplication of the respective Mach and Reynolds Numbers.

In standard atmospheric pressure wind tunnels, this condition is

usually difficult to fulfill. Therefore, the University of

Minnesota used for the required measurements a subsonic and a

supersonic variable density wind tunnel, because the density

variation provides the third parameter necessary to establish the

required Mach-Reynolds and Knudson Number simulation.

The low density subsonic wind tunnel is of the closed hori-

zontal return type, Fig. i (Ref. i), with a mechanical vacuum pump

used to evacuate the circuit and a centrifugal compressor to move

the air around the circuit. Continuous operation at Mach Numbers

from nearly 0 up to approximately 0.9 can be obtained by using
various nozzles and a throttling valve. Wind tunnel operating
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pressures range from 200 torr down to approximately 0.2 tort, de-
pending upon the flow Mach Number. The nozzles exhaust into an
open jet test section and have outlet diameters varying from
12 in. for lowest Mach Numbers to 3 in. for highest Mach Numbers.

The low density supersonic wind tunnel, Fig. 2 (Ref. 2),
has a standard "blow down" configuration, operating between a
5000 psig high pressure source and a i0 millitorr vacuum reser-
voir. For these tests the supersonic wind tunnel was equipped
with five axisymmetric nozzles for operation at Mach Numbers of
1.2, 1.5, 2.0, 2.5, and 3.2 at static pressures in the order of
I torr. All five nozzles have a core flow region 4 in. in dia-
meter at their design operating pressures and exhaust into an
open jet test section. For the pressures of interest in the
sphere drag tests, the 33,500 cu. ft. vacuum reservoir could sus-
tain nearly constant pressures for run times of a minute or
longer.

MODELS

The sphere models used in both test sequences were 0.50 in.
Teflon spheres with diameter tolerances of 0.002 in. and
sphericity of 0.001. Teflon was selected because its surface
roughness characteristics approximate those of an inflated
spherical Mylar balloon.

r

MEASUREMENTS

The primary measurements made during the tests were flow

pressures and the drag forces of the spheres. Naturally the

size of the models and flow temperature were also measured, but

these measurements presented little or no difficulty and could

be made with sufficient accuracy to be neglected in an error

analysis.

The pressure measurements in the required range from 20 tort

to i0 millitorr presented the most difficulties and created the

largest portion of the total error. For both the subsonic and

supersonic tests measuring two pressures enabled determing the

flow conditions. In the subsonic tests, total pressure and the

difference between total and static pressure were measured,

while in the supersonic tests, total pressure and static pressure
were determined. These measurements were made using Bourdon tube,

strain-gaged diaphragm, and thermocouple gage% all having dif-

ferent ranges, accuracies, and reliabilities (Refs. i and 2).

Total pressures were detected with a total probe rake located in a

near stagnation region, and static pressures were obtained from

static pressure taps in the nozzle wall near the exit.
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Drag forces were measured using the force balance shown in
Fig. 3. A drag force acting on the sphere twists the torsion
member causing the core of a linear variable differential trans-
former to deflect witMin the coil, thus producing a measurable
change in coil current. Two permanent magnets placed near a
copper "paddle", also attached to the torsion member, produced
sufficient eddy currents to damp any oscillation of the balance
system. The balance was calibrated by hanging weights on the
damping support strut and relating the moment produced by the
weight to a force on the sphere by the ratios of lengths to the
moment center. Changing torsion members allowed selecting nearly
any required sensitivity of the force balance. Repeated cali-
brations indicated that the balance performed quite well and was
more accurate than the electrical read-out equipment used to
measure the coil currents.

For each data point two types of drag measurements were made,
one with the sphere mounted on its sting support, and another one
of the support alone with the sphere rigidly mounted slightly
ahead of the support (Fig. 4). Subtracting the support drag from
the total drag yielded the drag of the sphere. The drag of the
support was, of course, considerably smaller than that of the
sphere.

RESULTS

The results from the supersonic and subsonic tests are shown
in Figs. 5 and 6, respectively, as plots of drag coefficient vs
Reynolds Number with Mach Number as a parameter. One notices
that the higher speed subsonic data is somewhat scattered and
that there are a few ques$ionable points among the supersonic
results. In view of this uncertainty, the data was replotted in
Figs. 7a and 7b as CD vs Mach Number with Reynolds Number as
parameter. The critical review of both types of presentations
provides guide lines for the data interpretation and for the
establishment of the final conclusion. In this view, the data
in the previous figures was carefully analyzed by members of the
staff of the University of Minnesota and USAF Cambridge Research
Laboratories. The results of this joint effort are the curves
shown in Figs. 8 and 9 which are considered to be the final
results of this study. The two dashed curves in Fig. 8 show the
spread of data obtained at Mach Numbers between 2 and 4 in wind
tunnel tests by Ashkenas who performed wind tunnel tests with
spheres mounted on thin wires (Ref. 3).

The agreement between the different supersonic data can only
be termed approximate at best, and even though Ashkenas (Ref. 3)
presents no error estimate, there is no principal reason that
accurate results could not be obtained with his methods.
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Figure 9 includes several data points from tests conducted
with moving spheres in a ballistic range (Ref. 4). The agreement
between these data is again approximate, and not within the esti-
mated error range of either set of measurements. However, it is not
known if drag measurements taken from a sphere which is decel-
erating to various degrees as it travels along the ballistic
range can be compared to steady state measurements. In a flow
field that changes with time, the flow pattern may be quite
different from the one under steady state conditions at the same
Mach and Reynolds Numbers. The kinetic energy in that flow field
varies definitely, and apparent mass effects may have to be
accounted for. Therefore, it is at this time not known if these
effects involved in the ballistic tests are or are not signifi-
cant, but it is a possible explanation for the difference be-
tween results obtained under steady state and non-steady conditions.

ERRORS

References I and 2 give extended analyses of the random and
instrument errors encountered in the measurements performed at
the University of Minnesota. The analysis follows the standard
concept of expressing the error in drag coefficient as a total
differential considering all the terms measured to obtain the
drag coefficient. The results of this analysis predict errors
from 1% to 5% for the subsonic measurements, and from 2% to 28%
for the supersonic measurements; these numbers represent the
maximum possible errors due to random or instrument error_ and
the possible error for a particular point is a function of the
Mach and Reynolds Number at that point. For both the subsonic
and supersonic data, the highest errors occur at the lowest
Reynolds Numbers of the range, and in both cases, the highest
possible error is due to the pressure error term.

CONCLUSIONS

Sphere drag coefficients have been measured over the range
of Mach and Reynolds Numbers encountered by a falling sphere
density sensor. An error analysis of the data shows that
generally the data should be accurate to within about 5%; agree-
ment with other measurements is within about i0_ and
results from actual tests show that the data is at worst very
reasonable and at best highly accurate. Of course, since the
drag coefficient data is one basic part of a measuring system
where greater and greater accuracy is needed, the drag coeffi-
cients must be critically checked for possible inaccuracy and
improvement. Reviewing the measurements from this aspect,
several possible areas for improvement arise.
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I. Pressure Measurement

Since the measurements were conducted fairly significant
improvements in pressure measuring instrumentation and techniques
have been made. Realizing that the highest errors in the data
presented above were no doubt caused by pressure errorsj it seems
probable that at least in some ranges significant improvements
could be made in the accuracy of the coefficients.

2. Sphere Temperature

Recent publications have shown that sphere temperature does
have an influence on drag coefficients in this low density flow
regime (Ref. 5). Although this effect is not large and the model
spheres should have been at a temperature very near wall tempera-
ture, the sphere temperature was not measured. If temperature
differences existed, this may have caused some unknown error.

3. Sphere Surface Roughness

0nly one type of sphere was used in the tests at the
University of Minnesota, hence the effects of roughness were not
determined experimentally. It is possible that at least part of
the deviation from measurements at other institutions is due to
different surface roughness of the models.

SUMMARY

It appears that the drag of the sphere is known reasonably
well with an accuracy usually expected from aerodynamic measure-
ments. Yet an over-all improvement of the accuracy of the
pressure sensing system offers greater certainty in the process
of data acquisition And probably a significant improvement of the
accuracy of the drag coefficients.

A new effort to measure the sphere drag under well simulated
steady state flow conditions with the best instrumentation and
facilities available appears to be justified and desirable.
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ADDENDUM

During the discussion following this and other presented papers_ questions

were raised about the origin of the M _ 0.39 sphere drag coefficient data

between Reynolds Numbers of 1,600 and 25,000 presented in Ref. i. The uncer-

tainties center around Fig. 19 of Ref. i, added here as Fig. I0, which shows the

results of measurements by the University of Minnesota. All of the data in

Fig. i0, except the M _ 0.39 data, has been superseded by the data shown in

Fig. 9 (Ref. 2), which were obtained from tests conducted with better instru-

mentation at a later date. The drag coefficients shown in Fig. i0 and identi-

fied as belonging to Mach Number=_0.39 have not been changed because newer test

cases with improved instrumentation did not show significant deviations from

the earlier established data.

The M < 0.39 curve is based on seven series of measurements at various

Mach Numbers=between Reynolds Numbers of 1.5 x 103 to 3 X 104 • This is also

stated in Ref. i. Detailed results of these measurements are shown in Fig. ii.

The data points presented in Fig. ii were not shown in Fig. 19 of Ref. i in

order to avoid overcrowding the presentation.

Figure i0 shows an additional curve representing drag coefficients in the

incompressible flow regime for Reynolds Numbers less than 103. This information

is taken from Fig. i0 in Chapter III of Hoerner's "Fluid-Dynam_c Drag," as well

as a graphical transposition can be made. Admittedly_ Fig. 19, Ref. i, can

easily be misunderstood to the extent that the entire curve representing the

sphere drag coefficients in the incompressible range is credited to Hoerner.

This is, however, not true and the right-hand segment represents the average

values shown in Fig. ii. Merely the left-hand portion is from Hoerner.

Comparing the University of Minnesota curve M _ 0.39, one finds as mini-

mum drag coefficient CD = 0.427 for Reynolds Numbers between 3.5 and 4.0 X 103 .

Trying to extract the minimum CD value from Hoerner's curve one finds for the

same Reynolds Number range CD = 0.407 with a possible reading inaccuracy

of ±0.025. This fact led to the remark in Ref. i that the University of

Minnesota measured data agree well with Hoerner's curve covering this Reynolds

Number range.

Furthermore, it will be noticed that Fig. ii also contains data points

taken from numerical values of Ref. 6, which is one publication listed in

Hoerner. Figure 12 is a photographic reproduction of Fig. 26, Ref. 6.

This figure is particularly interesting since it shows different drag coef-

ficients for the same Reynolds Numbers obtained by a different experimental

technique, namely dropping steel spheres in water.

Figure 13 which is reproduced from Ref. 7, Fig. 178, is also included and

shows the variation of drag coefficients measured in the same institution under

the supervision of the same individuals but in different wind tunnels. Of

coursej it must be considered that Fig. 13 shows the drag coefficients in the
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critical subsonic range_ and the degree of wind-tunnel turbulence is in this
region particularly influential.

Summarizing then all matters of accuracy_ it is the opinion of these
authors that the accuracy of the drag coefficients measuredat the University
of Minnesota is about as good as can be expected from wind-tunnel experiments
at that time. Repeating these measurementsand utilizing instrumentation
improved over that available in 1960 to 1962 may provide somewhatdifferent
results_ but the deviations cannot be large. Furthermore_ different measuring
techniques such as measuring the descent speed of spheres in water or their
deceleration in a ballistic range may again produce slightly different numer-
ical values.
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Figure 2.- Schematic representation of the low density supersonic wind tunnel.
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Figure 3.- Schematic of drag balanceused in low density suoersonicwind tunnel.
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HIGH-ALTITUDE ROBIN DATA-REDUCTION PROGRAM

By James Luers and Nicholas A. Engler

University of Dayton Research Institute

Dayton, Ohio

SUMMARY

The problem of computing winds and thermodynamic data utilizingthe space-time

coordinates of a fallingsphere becomes complex when the apogeee of the sphere is over

100 kin. This paper describes the methodology used in constructing the computer

program.

ROBIN/ARCAS SYSTEM

The ROBIN/Arcas system consists of a ROBIN balloon, an Arcas rocket motor, and

an AN/FPS-16 tracking radar. The ROBIN sphere is made of 1_ mil Mylar inflatable to

a diameter of 1 meter containing an internally supported corner reflector. Packaged in

a collapsed condition within the nose-cone of a meteorological rocket, it is ejected at the

apogee of the rocket and inflated to a super pressure of approximately 10 millibars by

vaporization of a liquid such as isopentane. Thus inflated, the ROBIN sphere is tracked

from apogee to approximately 30 km altitude by an AN/FPS-16 high-precision tracking

radar. The Arcas rocket motor is a 4.5-inch-diameter solid-propellant end-burning

rocket capable of carrying the sphere payload to an altitude of 75 km. The FPS-16

tracking radar generates spherical space-time coordinates at digitized increments of

1/10 second. From the space-time coordinates, the meteorological parameters of den-

sity, wind, temperature, and pressure are deduced. A discussion of the ROBIN/Arcas

system, with some of its advantages and shortcomings, is contained in reference 1.

Early results from the ROBIN/Arcas system whetted man's appetite to extend

the passive sphere experiment to altitudes beyond the reach of the Arcas motor. To

achieve this dream the Air Force Cambridge Research Laboratories (AFCRL) has

experimented with a variety of boosted rocket motors. The most successful of these is

the Viper-Dart rocket motor. The Viper-Dart rocket is capable of carrying the ROBIN

payload to an apogee of 125 to 140 km. It was anticipated that the extended balloon apogee

of 125 km would enable density and perhaps wind measurements to be extended to 100 km.

The data-reduction program designed by Engler (ref. 1) to reduce the data from

ROBIN/Arcas flights produced accurate density and wind measurements below an altitude

of 70 km. The high-altitude ROBIN/Viper-Dart system, however, produces balloon
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velocities andaccelerations much larger than the ROBIN/Arcas system. For this reason

the smoothing techniques used in the 1965 ROBIN/Arcas program are not optimum for use

with the ROBIN/Viper-Dart system. It has been shown by Engler (ref. 2) that the stand-

ard ROBIN/Arcas data-reduction program is not satisfactory for use with high-altitude

flights. Accepting the recommendations of Mr. Engler, AFCRL has requested the

University of Dayton Research Institute (UDR1) to develop a new ROBIN data-reduction

program which would result in optimum density and wind measurement for high-altitude

rocket launches as well as the standard Arcas rocket. It is the purpose of this paper to

discuss the new data-reduction program, to explain the rationale and methodology used to

design the program, and to discuss the errors in the winds and thermodynamic data that

result from the use of this program.

PROGRAM SPECIFICATIONS

The preliminary specifications for the program consisted of the following items:

(a) the program should be optimum for measuring density and wind in the 70 to 100 km

region of the atmosphere assuming a balloon apogee of 125 km, (b) the program should

also give accurate and reliable density measurements from 30 to 70 km, (c) even though

the data-reduction technique need not be optimum for balloon apogees other than 125 km,

other balloon apogees between 75 and 140 km should not result in a serious degradation

of the meteorological parameters, (d) temperature and pressure accuracies should be

commensurate with density accuracy, and (e) the program should accurately determine

the altitude of balloon collapse so that density calculations can be terminated.

DENSITY AND WIND MEASUREMENTS

To obtain density, the drag force that the atmosphere exerts upon the sphere must be

measured. In the altitude region from 70 to 100 km, the vertical velocities and acceler-

ations are much larger than the horizontal velocities and accelerations. For this reason

the drag acceleration is primarily in: the vertical direction. Accurate density calculations

are thus largely a result of the accuracy to which vertical velocities and accelerations can
be measured.

Horizontal winds influence the sphere's trajectory by inducing horizontal excursions

in its path in three-dimensional space. These horizontal excursions are used to recon-

struct the wind profile. Thus, for measuring wind, the horizontal velocity and accelera-

tion components must be determined accurately.
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Sincedensities dependprimarily onvertical measurementsandwinds dependpri-
marily onhorizontal measurements, it is possible to construct a data-reduction scheme
which will optimize bothwind anddensity measurements. The data-reduction scheme
usedto reduce Viper-Dart flights is so designed.

DENSITY

Density is computedby the following equation:

m(g- _,- Cz)

o ½C AvC Wz)+V g
(1)

The symbols are defined in the appendix. The computed density error is a result of the

errors present in the parameters on the right side of equation (1). A negligible contribu-

tion to the error in density is made by VB, Cz, g, m, and A. The remaining vari-

ables which make a significant contribution to density error are CD, _., _,, Wz, and v.

DENSITY ERROR EQUATIONS

For the purpose of deriving an error equation for density,the density equation

(eq.(I))can be simplifiedto

m(g - _,)

P= 2I__CDA(_._ Wz) 2

(2)

where v has been set equal to (_, - Wz) and both buoyancy and Coriolis force have been

neglected.

Considering the error in density to be a function of the errors in CD, Wz, _,, and

only and assuming further that the errors in the radar coordinates are independent and

normally distributed with mean zero and variance a, the error equation for the percent

error in density is given by

The object of the computer program as mentioned earlier is to minimize equation (3) in

the altitude region from 70 to 100 km. Equation (3) cannot be minimized by minimizing

each of the terms on the right-hand side of the equation because the last three terms are

(3)
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interrelated. The first two terms, however,are independentandthus allow for individual
minimization.

ERRORIN DRAGCOEFFICIENT

There is no commonlyaccepteddrag table in use todaywith knownaccuracy. Of the
drag tables beingused, disagreementsas high as 15%to 20%exist in certain areas (ref. 3).
As seenin figure 1, disagreementexists not only betweenthe values of CD for various
drag tables (refs. 4 to 6) but also in the slope of the curves. The drag tables usedin pre-
vious ROBIN programs designedby UDRI rely primarily on the work of Dr. Helmut
Heinrich and others (ref. 5). The accuracy of this table is uncertain especially in areas
where interpolation of the drag coefficient is necessary suchas from Mach0.7 to Mach 1.0.
In an effort to evaluatethe most recent drag table to appear in the literature (ref. 4), UDRI
reinvestigated the drag-coefficient values of references 5 and 4. The table which appears
as figure 2 is basically the work of reference 5 in the supersonic region and of reference 4
in the subsonic region. The impressive aspectof this drag table is the similar shapesof
the CD curves givenas a function of MachandReynoldsnumber eventhoughthe drag table
was the result of two independentresearchers using two different techniquesfor calcu-
lating drag. However, eventhoughthis drag table showssmoothconsistent drag curves,
it is impossible to quote specific accuracies of the drag table becauseof the conflicting
results obtainedby the other experimenters andbecauseof the interpolated section of the
table. The stated accuracies by the experimenters are as follows:

Goin and Lawrence: approximately 2%

Heinrich et al. (supersonic): maximum possible error rangesfrom +2.3% to

+27.9%; however, actual errors are usually not the possible maximum

Since the accuracy of the drag table cannot be determined precisely, it is impossible

to give an exact RMS error value for the percent error in density when reducing a high-

altitude balloon flight. It is, however, possible to determine the error in density that

results from the other terms of equation (3). Improvements and verifications of drag

results will enable one at some future time to accurately state the true percent error in

density.

sion

VERTICAL WIND ERROR

The density error variance resulting from vertical winds is given by the expres-

E -72eW----------_z. To a falling sphere, a vertical wind looks identical to a change in density.
L
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As a result, a data-reduction program cannotdistinguish density perturbations from
vertical-wind oscillations. In order to computedensities, anassumptionmust be made
either concerningvertical winds or concerningdensity perturbations in the atmosphere.

Assumption A: Wz = 0

Assuming no vertical motions in the atmosphere, equation (1) can be solved by

substituting W z = 0 on the right-hand side of equation (1) and evaluating all other terms

by conventional means. Under this assumption, any vertical winds present in the atmo-

sphere will appear as density oscillations. The relationship between vertical winds and

density perturbations is exhibited in figure 3 for an escape altitude of 125 km. Care must

be used in interpreting figure 3, however, because of the smoothing effect produced in the

program. An example will clarify this point. If a sinusoidal vertical wind varying with

altitude with amplitude of 5 m/sec is present at 60 kin, then this vertical wind would be

damped by the smoothing and appear in the printout as something smaller, approximately

2 m/see amplitude. Since the program attributed the vertical motion to density pertur-

bations, the result of an actual 5 m/sec vertical wind would, using figure 3, appear as a

2.4% density perturbation. To effectively determine what vertical wind could have caused

a density perturbation in reduced data in addition to figure 3 one must know the reduction

in magnitude of the vertical wind resulting from the smoothing technique applied, i.e., the

frequency response of the program's smoothing filter to a sinusoidal vertical-wind

oscillation.

Assumption B: p = p0 e_z

If density is assumed to follow some mean path then perturbations from this path

can be attributed to vertical winds. Since density varies exponentially with altitude, a

mean exponential path is appropriate. Using this assumption, vertical winds can be com-

puted by the equation

Wz _ _th - _eml_ (4)

2K_P0eaZ

A description of the variables in this equation and its application is given in reference 1.

Since, to the best of our knowledge, meteorologists accept density perturbations at

least as much as they accept vertical winds, assumption A has been and will be used in

this program.
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NOISEAND BIASERRORTERMS

The remaining terms in the density error equationare givenby

(5)

The first two terms of equation (5) are the result of the noise present in the radar coordi-

nates (noise error). The third term is the error in density resulting when the smoothing

function does not adequately represent the true path of the sphere. In this case, a bias

error will result in density since the smoothing function will not fit the real perturbation

in the path.

NOISE ERROR TERMS

The noise errors in vertical velocity (cry) and acceleration (_) depend upon

The noise present in the radar coordinates (Crz)

The type of smoothing technique used

The number of data points (N) used in the smoothing process

The time spacing between consecutive data points (At)

For an FPS-16 radar, crz varies between 10 and 15 meters depending upon slant range

and At is generally fixed at 0.1 second.

ESTIMATION OF NOISE ERROR

There are two methods of evaluating the noise error terms:

(a) Consider an actual flight of a passive sphere tracked by two identical FPS-16

radars. For an N and a smoothing function, density can be calculated for each of the two

radar tracks. By calculating the RMS difference between the densities measured by the

two radars, the noise error terms can be determined. Since the same bias error will

appear in the density computations from each of the two radar tracks, differencing the

densities determines only the noise error terms.

(b) The noise error terms can also be calculated by formulas which directly relate

cr_ and cr_ to N, At, az, and the smoothing function. The formulas for polynomial 1

smoothing functions of degrees one and two are given in the following equations:

1polynomials were chosen as the proper class of smoothing functions. This deci-
sion was based on previous work showing the polynomial yielding less noise error than
other functions.
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Noise Error Equations

Velocity:

Linear fit

Cubic fit

Quadratic fit

Acceleration:

Linear-linear fit

Cubic-linear fit

Cubic-cubic fit

Linear-cubic fit

Quadratic (secondderivative)

_x2 = 12 °2x

1 N(N 2- 1) At 2

+
7(3N2- 7)2(N_ 4).']

(_7 _ _At---2

Same as linear fit o_ 2 = o_ 1

Xll
_ 12 Xl

M(M 2- 1)At 2

_.2
_.. _ 12 x3

x31

+

Ox =f M 12 7(3M2-7)2(M - 4)_.' _'x_
13 (M_- 1) + "(_I + _ j_tl

]°_'x2 = 5_ 5N3+ 4N_At 4

(6)

(Linear polynomial smoothing is defined as fitting a linear polynomial over N data points

and assigning the slope of the fit to be the velocity at the midpoint N+ 1 of the interval.
2

Linear-linear smoothing to obtain acceleration is described as fitting N position points

to a polynomial to obtain velocities and obtain acceleration from velocities in a like man-

ner. A cubic-linear fit is described as fitting N position points to a cubic polynomial

taking the slope at the midpoint as the velocity and fitting M of these velocities by a

linear polynomial to obtain acceleration; similarly, for cubic-cubic and linear-cubic
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smoothingtechniques. Quadratic smoothingis definedas fitting a second-degreepoly-
nominal to position points andevaluating the first andsecondderivatives of the poly-
nomial, at the midpoint, as the velocity and acceleration, respectively.) The validity
of these formulas hasbeenestablishedby comparisons to RMSerrors obtainedby

method(a).

BIASERRORTERMS

The bias errors in velocity and acceleration (_.,A_:) dependupon

The type of smoothingtechniqueused
The number of data points (N) used in the smoothingprocess
The time spacingbetweenconsecutivedatapoints (At)
The true position field, which itself is a function of the balloon apogee

ESTIMATIONOF BIASERRORS

For a given apogee,bias errors canbe determinedby following the flow chart of
figure 4. Givena drag table andballoon apogee,by assumingthe sphere fell in the 1962
StandardAtmosphere, the equationsof motion canbe integrated to obtain the theoretical
path of the sphere. Thevertical position z, velocity _, andacceleration _ are deter-
minedby the theoretical trajectory. Onenowtreats the z position as a function of time
as thoughit were the radar coordinates andapplies the smoothing routine using N data
points andthe degreepolynomial P. The smoothed z, _, and _ coordinates differ
from the theoretical z, _, and _ coordinates only becauseof the bias error resulting
from the smoothingtechnique. (Nonoise hasbeenintroduced into the data.) The
smoothedcoordinates are then substituted into the equationsof motion using the same
drag table, anddensity is computed. The only difference betweenthis computeddensity
and the original input density, that is, the 1962StandardAtmosphere density, is dueto the
bias error inducedby the smoothingfunction. The percent bias error in density is then
plotted as the ratio of the computeddensity to the standarddensity.

DETERMINATIONOF OPTIMUMSMOOTHINGTECHNIQUE

The choiceof the optimum polynomial and interval for use in the high-altitude pro-

gram was derived by usingthe abovetechniques. Initially, an escapealtitude of 125km
was chosen. For eachtype doublesmoothing (linear-linear, cubic-linear, linear-cubic,
cubic-cubic) the total error in density, definedas the squareroot of the sum of the noise
andbias errors squared,was computedfor all possible combinationsof N and M. The
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noise error was calculated by method (b) (the formulas as given in equations(6)) using
At = 1/2 second and _z equals 15 meters. The bias error was computed as described

in figure 4. Figures 5, 6, and 7 are plots showing the percent bias error (the deviation

of the density ratio from 1) and the 1_ confidence bands of the noise error about the

bias. None of the combinations of the degree polynomials and smoothing intervals met

the design requirements of 5% density accuracy at 100 km. A compromise was neces-

sary to either reduce the altitude requirements, say to 95 km, maintaining the 5% design

accuracy requirements or slackening the accuracy requirements to say 9% while main-

taining the 100 km altitude range. The former choice was made. Careful analysis of

total error plots for all combinations of degree polynomial and N and M resulted in

the choice of the 19-21 linear-cubic combination as optimum.

Total error plots were generated in the same fashion using a quadratic polynomial

fit and its first and second derivatives for velocity and acceleration. The best smoothing

interval for using a quadratic was determined to be 31 data points (fig. 7). In comparing

the optimum quadratic and the optimum linear-cubic smoothing techniques, it is easily

seen that the 19-21 linear-cubic produced significantly better results in the altitude

region from 70 to 100 km. The probable explanation for this is as follows. By fitting

two different functions, one to get velocity and the other to get acceleration_ it is possible

to partially compensate for, say, a positive bias in density due to a velocity error by

using a different degree polynomial or different interval to generate accelerations which

will produce a negative density bias. This advantage is not present when using a single

function for smoothing.

OPTIMUM FITTING FUNCTIONS TO ACQUIRE DENSITIES

After careful consideration of the results of all the above analysis it was decided

that the 19-21 linear-cubic smoothing was the optimum fitting function to acquire densities.

SUMMARY OF DENSITY ERRORS USING OPTIMUM REDUCTION

The total percent error in density resulting from a computation using the high-

altitude ROBIN program with optimum smoothing cannot be precisely determined because

of the unknown accuracy of the drag table and the occurrence of unknown vertical winds.

However, the other contributing terms to density errors have been accurately determined

using the optimum smoothing interval. They are less than 1% bias error from 30 to 70 km

with a noise error of 37O and a bias error from 37O to 57o from ?0 to 95 km with a noise

error less than 3%.
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WINDS

The equationusedfor computingwind with the falling sphere methodis given as

Wx=:_ -

0x
gzVBP

+ Cz - gz
m

(v)

The variables in equation (7) which may contribute significantly to wind errors are

the horizontal and vertical components of velocity and acceleration.

WIND ERROR EQUATIONS

Having retained only those variables which significantly influence the error in a

computed wind, the wind equation simplifies to

W x = _ _
_-g

The first order of approximation to an error in

the parameters is given by the following equation:

(8)

Wx resulting from the errors in

dW x = d_ _ d_ _ d_ + _ d_ (9)
_, - g _ - g (_ _ g)2

If the differential error components are considered as noise error with normal

distribution, then by taking the variance of equation (9) the noise error in a wind calcula-

tion is given as

_wx = % + _ + _ + (10)
_ g)2J z

where a_, o_, at, and a_ are the noise errors in velocity and acceleration due to the

noise in the radar data. To determine the bias of a wind measurement resulting from the

bias (oversmoothed) velocity and acceleration measurements, equation (9) is again applied.

Considering the component differentials as bias error, the square of the bias wind error

is given as
2

IA _ _ _ A_+ _: __ (11)_2Wx= _ _- g _ - g (_ _ g)2
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where the Ax, etc., refers to the bias error in the x velocity component. The total

wind error -.(aWxtotalJ is defined as the square root of the sum of the noise errror vari-

ance plus the bias square error and is given as

2 = _Wx + A2W x (12)
aWxtota 1

The problem simply stated is to determine the type smoothing (degree) and smoothing

intervals which minimize equation (12). As in the case of the density smoothing the noise

error will decrease as the smoothing interval increases, and the bias error increases as

the smoothing interval increases so that a minimum does exist for equation (12).

MINIMIZATION OF TOTAL WIND ERROR

The calculation of noise error for the wind computation uses equations (6). How-

ever, the calculation of the bias error cannot use figure 4 because, with such a variety

of wind profiles in nature, choosing one profile to be representative would not be realistic.

Besides it was felt that the use of the following bias equations would be more precise:

Bias Error Equations

Position assumed 4th degree over N data points, i.e.,

x=A 0+Alt+A2t2+A3 t3+A4 t4

Velocity assumed cubic over M data points, i.e.,

=B 0+ Blt+ B2 t2+B3 t3

Velocity:

Linear fit _1 = A3_t2(3N2 - 7)
2O

Cubic fit _3 = 0

Acceleration:

Linear -linear

Cubic -linear

Cubic -cubic

_X_ll = _[33 - _11

A_31= B3At_(3M2 - 7)
20

A_33 = 0

(13)
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To use these equationsrequires a knowledgeof the position field of the balloon. This
was accomplishedby a separateprogram which utilizes experimental data to compute
the coefficients A3 and A5. It is beyondthe scopeof this paper to describe that
program.

DETERMINATIONOF OPTIMUM SMOOTHINGFUNCTIONS

The optimum doublesmoothingtechniqueis that combinationof degreepolynomials
(cubic-cubic, cubic-linear, linear-linear) and smoothing intervals (N and M) which
gives the minimum total wind error. Plots of the total wind error for eachtype double
smoothingand for N-M values of 51-43, 53-11, and 53-25 are presented in figures 8 to
10. These are merely three illustrations of all the possible combinationsfor feasible
values of N and M. After analyzing plots of the types illustrated by figures 8 to 10, it
was determined that the 51-43 cubic-cubic smoothingprovides optimum wind reduction.

SUMMARYOF WIND ERRORSUSINGOPTIMUMREDUCTION

With the type smoothingdescribed above,the total wind error remains less than
10m/sec to altitudes of nearly 100km. The amountof detail that canbe observedat the
very high altitudes is, however, limited becauseof the large altitude layer used in the
smoothing. The frequencyresponsecurves presentedas figure 11 indicate the detail
that canbe observed. Plotted in this figure is the ratio of the amplitude of a sinusoidal
wave after passing through the smoothingfilter to the true amplitude of the original.
Each curve gives the ratio as a function of wavelengthat a specific altitude. For example,
at 90km altitude the amplitude of a 10km vertical wavewould appear to be only 1/5 the
amplitude in the reduceddata. A 20 km vertical wavewould retain 65percent of its
amplitude in the reduceddata. As seenfrom figure 11, for 70km, wavelengthsless than
10km are largely destroyed so that only a meanwind profile canbe ascertained. Below
70km, wavelengthsof 5km and less will appear in the reduceddata.

OPTIMUM PROGRAMDENSITYRESULTS

A series of three Viper-Dart flights were flown at Eglin Air Force Base, Florida,
on February 18, 1968,at 18:00,19:00,and 20:00zulu. Each flight was tracked by two
FPS-16radars. The flights are identified as Viper-Dart 11, 12, and 13andthe radars as
radar 23 and27. Figure 12showsthe density ratio (comparedwith the 1962Standard
Atmosphere) for eachtrack of the three flights. For each of the flights, there is excellent
agreementbetweenthe two FPS-16radar tracks. The small differences in densities that
are observedarecommensurate with the noise errors predicted for the 19-21 linear-cubic
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smoothing. There are, however,variations in density as observed from flights 1 hour
apart, particularly in the altitude region from 62 to 54km. The causeof these differ-
encesis not known. Possible causesare

(a) An actual time fluctuation in density
(b) Specialvariation in density betweenthe paths of the three spheres
(c) Inaccuracy in the drag table beingexperiencedat different altitudes for the

three flights
(d) A changein the vertical motions of the atmosphere

These discrepancies in density, 1 hour apart, are not dueto the inability of the
radar to accurately track the spheres. Comparisonof densities from the two tracks of
the sameballoon clearly rules this out. Nor are the density discrepancies thought to be a
result of balloon collapse or elongation. All balloon collapse checks indicate the balloon
is still spherically inflated to at least a 45km altitude.

OPTIMUMPROGRAMWIND RESULTS

Figures 13and 14are plots of the Wx and Wy componentsfor eachof the three
flights. Both the Wx and Wy componentsobtainedfrom both tracks of Viper-Dart 11
shownearly identical agreement. Viper-Dart 12showsgoodagreementat altitudes below
85km but only fair agreementabove. Viper-Dart 13gives goodagreementonly to 84 km.
The causeof this decrease in agreementwhich is beyondwhat one shouldanticipate from
the total error plots for 51-43 cubic-cubic smoothing (fig. 8) hasbeeninvestigated and
the following results obtained.

The tracks of radar 23 from both Viper-Dart 12andViper-Dart 13 flights show
large oscillations which did not appear in the tracks of radar 27 from the same flights.
Previous experiencewith FPS-16tracking data indicates that the oscillations are prob-
ably dueto a low servo-bandwidth setting. The fact that radar 27producesa smooth
nonoscillating track indicates the oscillations are not real. Further investigation of the
effect of the servo on tracking of passive spheres is in order.

SUMMARYOFRESULTS

Essentially there are three ways of determining the accuracy of the density andwind
data: equations(6)and (13)andthe model simulation outlined in figure 4. The assump-
tions madein applying equations (6)and (13)andthe model given in figure 4 are not pre-
cisely met by the databut are exact enoughfor their purpose, which was to obtain the
optimum smoothingtechnique. The use of doubletrack flights to obtain errors only gives
the noise error of the system. The dual tracking wind data showsthat the radars needto
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be well tuned in order to acquire winds, andthat the tracking problem is more critical to
winds than to density. Flights close together in time and spaceshouldyield system error
information provided the time and spaceseparation is small enoughto rule out actual
changes. Onehour apart for density shouldbe small enoughto pick up the system errors.
Comparison of the curves in figure 12 indicates that there are system errors in density.
Thesesystem errors canconceivably comefrom the tracking radar, but they are larger
than the equationspredict. The system errors are believed to comeprobably from other
elements of the system, sphereshape,or drag table. To strengthenthis conclusion, the
wind plots (figs. 13and 14)haveto be examined. The accuracy of the wind data doesnot
dependuponthe drag table or sphere shape(the last is almost true) but dependsrather
heavily uponthe tracking radar. Figures 13and 14 showthat the wind repeatability is
good,which proves that the tracking is good. Therefore, the conclusion is madethat the
discrepancy in density is not dueto radar tracking but to other elements in the system.
The dual tracked dataagrees well with the noise errors predicted by equation (5) for den-
sity and by equation (10) for winds. There is no other proof given here that the predicted
bias errors are correct. This proof could come from simultaneousflights of different
type sensors.

TEMPERATUREAND PRESSURE

Since the ROBIN is a density and wind sensor, the program optimized these vari-

ables. Temperature and pressure errors fall where they may. The results of these

parameters for the Viper-Dart flights 11, 12, and 13 are given in figures 15 and 16 without

comment.
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APPENDIX

SYMBOLS

Units are not given in the symbol list but any consistent set of units may be used in

the equations.

A cross-sectional area of sphere

AMP amplitude

An,Bn

CD

Cx,Cz

gx'gz

K

M

m

N

coefficients in bias error equations, n = 0,1,2,... (see eqs. (13))

drag coefficient

Coriolis acceleration in x- and z-direction, respectively

gravitational acceleration

gravitational acceleration in x- and z-direction, respectively

balloon constant

number of data points used in acceleration smoothing process

mass of sphere

number of data points used in velocity smoothing process

t time

At

At 1

V B

V

time spacing between consecutive position data points

time spacing between consecutive volume data points

volume of balloon

relative velocity of balloon, + (_'- Wy) 2 + (_- Wz)2_ 1/2
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APPEND_

Wx,Wy

W z

x,y,z

wind velocity in x- and y-direction, respectively

vertical wind

position coordinates of radar

balloon velocity in x-direction

balloon acceleration in x-direction

balloon velocity in y-direction

vertical velocity

vertical acceleration

Zth,Zemp

O/

theoretical and empirical vertical acceleration, respectively

density gradient constant

Aq bias error of parameter q

P density

PO

aq

initial density

variance of parameter q
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ADEQUACY OF THEPASSIVE INFLATED FALLING SPHERE TECHNIQUE

K. D. McWatters and J. W. Peterson*

The University of Michigan

High Altitude Engineering Laboratory

SUMMARY/INTRODUCTION

The radar-tracked, inflated, falling sphere is an economical technique for

obtaining high-altitude density data at any launch site possessing a high-

powered radar. The technique as utilized by many experimenters has provided a

large amount of grossly adequate density and temperature data in the strato-

sphere, mesosphere, and lower thermosphere. In addition, winds are very ac-

curately measured to 70-km altitude.

There are several sources of error inherent in the technique, and a gen-

eral agreement on their magnitudes has yet to be reached. However, recent ex-

periments and studies have been undertaken specifically to ascertain errors.

This paper describes those carried out by The University of Michigan's High

Altitude Engineering Laboratory.

In particular the following areas were examined: detection of sphere de-

flation, consequences of premature deflation, radar tracking errors, drag coef-

ficients, and methods of data reduction.

DETECTING THE MAGNITUDE OF ERRORS

Error Sources

In discussing the detecting of errors we shall limit ourselves to discus-

sion of density which is the primary atmospheric parameter measured. Tempera-

tures derived from the densities are sometimes a key to understanding and in

those cases will be mentioned, but errors arising from the inference of a tem-

perature profile from a density profile are not discussed here. Neither are

wind errors considered.

*Present address: Martin Marietta Corp., Orlando, Florida
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While it is always impossible to state with certainty that a list of ex-

perimental error sources is truly exhaustive, we here make the attempt. Known

possible error sources are:

i. Incorrect value of sphere mass

2. Incorrect value of sphere frontal area

3- Incorrect radar position data

4. Incorrect drag coefficient as a function of Mach and Reynolds numbers

5. Incorrect Mach number determination

6. Incorrect Reynolds number determination

7. Vertical wind component

Some of the listed sources could be further broken down. Sphere mass er-

ror might be due to a mistake in weighing, or loss of a component after launch:

Mylar envelope, metal capsule, or isopentane. Sphere frontal area error might

arise from incorrect measurement, asphericity, or collapse (partial or com-

plete). Radar data always exhibit some degree of scatter. Smoothing is re-

quired to yield the velocity and acceleration. The smoothing technique there-

fore influences the amount of error. Drag coefficients are based on experimen-

tal data in which scatter is evident. Surface roughness is not accounted for.

Peculiar instability in the boundary layer may be the result of rotation or

varying attack angle. In some regimes such as the transonic region there are

insufficient measurements.

#

Analyzing an Unusual Sounding

Shortly after noon (1330 EST) on 7 August 1965 a sphere payload was

launched at Wallops Island, Virginia. The ratio of the derived downleg densi-

ties to the U. S. Standard Atmosphere, 1962, is shown in figure 1. This sound-

ing exhibits a remarkable wave-like structure of three cycles between 30 and

60-kmwith peak-to-peak amplitudes of 24, 36, and 24%, and wavelength of lO-km.

The sounding was sufficiently unusual that the question immediately arose as to

whether the result was an atmospheric effect or some error. The remainder of

this paper is devoted to discussing the error contributions which will enable a

conclusive answer to that question.
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ERRORSDETERMINEDTOBE NEGLIGIBLE

Discussion

For errors to be called negligible, they must be negligible with respect
to other errors or with respect to the desired measurementaccuracy, preferably
to both. If they are negligible only with respect to other errors, future im-
provements in other parts of the system might cause them to be important.

Three of the seven error sources are presently negligible because other
errors are more important. They must be kept in mind because recent improve-
ments showpromise of drastically reducing other sources which for years have
been considered most detrimental.

The three negligible sources are:

Incorrect value of sphere frontal area

Incorrect Machnumberdetermination

Incorrect Reynolds numberdetermination.

Frontal Area

1. The frontal area of each sphere is measuredon 7 diameters before
packaging. The measurementis madewhile internal pressure of 20 mbgage is
maintained in the sphere. The asphericity must be less than 1%along any 2
diameters. The 7 diameters are averaged and used for the experimental value of
frontal area.

Therefore the maximumarea error is 1.4%between any two given aspects.
In this worst possible case (5 diameters = x, 2 diameters = 1.01x) the average
frontal area varies 0.4% from the calculated frontal area. However, in over
80%of the spheres the maximumdiameter variation was less than one-half that
allowed.

The average error from frontal area measurementis much less than 0.2%.
The maximumpossible is 0.4%. Wehave chosen to neglect this error.

2. The area is subject to change if the physical integrity of the sphere
is not maintained. We shall describe below how this event is rapid rather than
gradual and introduces no error more than 1 km above the abrupt termination.
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3- The area is subject to change caused by the capsule weighing 8 g, at
-4 g maximumacceleration attempting to deform the sphere. At the nominal in-
ternal pressure of 15 mb, the deformation is unmeasurably small. Pressure will
be equalizing and skin tension greatly reduced prior to collapse. However,
this can only occur in a region with minimumdeceleration hence the deforming
force is also greatly reduced. Deformation occurs only in the final few hun-
dred meters which data are normally disregarded because of radar smoothing re-
quirements. This source is negligible.

4. The total error due to incorrect frontal area from all sources is be-
lieved to be muchless than 0.2% on the average and never to exceed 0.4_. It
is therefore neglected.

MachNumberand Reynolds NumberDetermination

Assumethat the drag coefficient is knownwith absolute precision as a
function of Machand Reynolds numbers. Any other error in the entire technique
will cause someerror in density and temperature. This error will then cause
an error in the determination of Machnumberand Reynolds numberand hence an
erroneous drag coefficient will have been chosen.

Fortunately, drag coefficient is only a weak function of Machand Reynolds
number except in the transonic region. Tracking data is processed with an
iteration of Machand Reynolds numbersby assuming the temperature and density
in the layer above. Machand Reynolds numbers are calculated. The drag coef-
ficient is obtained and the density and temperature calculated. Machand Reyn-
olds numbersare recalculated and a new drag coefficient chosen. A new density
and temperature are calculated. The process continues until arbitrarily small
corrections are made. This convergence is rapid.

In one region, transonic, the drag coefficient is not such a weak function
of Machnumberand whenprocessing this region occasional failure to converge
has been noted. This happens only when processing unusually poor data, as in
the case of an uninflated sphere. In these rather rare instances the process
does not diverge, but appears to converge so slowly that the computation is
halted for economy's sake.

The error in the final data due to erroneous determination of the Machand
Reynolds numbers is a function of all other errors. It is presently one-to-two
orders of magnitude less than the drag coefficient error and maybe termed
negligible.
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IMPORTANT ERROR SOURCES

Four sources of error remain to be reckoned with: incorrect mass, incor-

rect radar data, incorrect drag coefficient, and vertical wind. Vertical wind

will be treated in the next section.

Sphere Mass

The 66-cm sphere weighs about 50 g: 34 g of Mylar, 8 g of aluminum cap-

sule, and 8 g of isopentane. The mass is determined by weighing the deflated,

evacuated envelope in a chemical balance and recorded to 1/lO00 g. Considerable

care is exercised and personal error in this operation has never been considered

an error source in the system.

The only other way for a mass error to enter is for the mass to change

after weighing, after rocket launch, or after ejection. First we consider the

Mylar. If any portion of the Mylar is lost the sphere has no ability to be in-

flated and if already inflated will collapse under the slightest aerodynamic

force. A collapsed or noninflated sphere is useless for density determination.

Therefore loss of Mylar is impossible as an error source. Next consider loss

of the capsule. This is impossible without a loss of pressure integrity of the

sphere and is equally impossible as a mass error source.

Loss of isopentane is the remaining possibility. If the capsule should

leak after the sphere is weighed and the liquid (or gas, B.P. 28°C) should

permeate the Mylar and escape, a mass error would be introduced. We have

tested capsules by oven baking and then weighing daily for weeks, and by

storage for five years and have yet to detect a leak. We conclude that such a

leak is improbable. Each flight capsule is subjected to a bake test and then

weighed daily for one week before being packaged in a flight sphere.

If the capsule should leak after launch and prior to ejection the isopen-

tane would have insufficient time to permeate the Mylar and escape, hence

no loss of mass. It would, however, tend to inflate the packaged, unejected

sphere at the low ambient pressure and probably cause a sphere failure at ejec-

tion. Thus, if the sphere was seen to be properly inflated by the radar, then

no mass loss of this type could have occurred.

There remains only one possibility for incorrect mass--loss of isopentane

after ejection in a very slow, noncatastrophic manner as if issuing from a pin-

hole leak. There are three ways this might occur:

i. After pressure test the air is evacuated from the sphere through a
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hole which is subsequently taped shut. It is impossible to pressure test this

tape for leakage on a flight sphere. Many simulation tests of flight-ready

spheres have been conducted and in one case there was such a leak, therefore, it

is a definite possibility.

2. After pressure test, the pressurizing hose is removed and the hole

taped, similar to (1). Although no leaks have been detected, the same consid-

erations apply.

3. When packaging the evacuated sphere for flight it is folded and

squeezed severely to fit inside the sabot. Although accomplished as carefully

as possible, a fold-point might become a pinhole. Testing has been limited.

Numerous ejection tests in vacuum chambers are useless to prove this point as

the high velocity of ejection causes the sphere to rupture upon striking the

side of the chamber, even when caught in a net. This occurrence is likewise

possible.

However, if pinhole leakage occurred at time of ejection the isopentane

would continue to leak during flight and the sphere would lose pressure as well

as mass. In this case the sphere will deflate at some altitude considerably

above the design deflation altitude. The 66-cm spheres are designed for inter-

nal pressure of approximately 15 mb and should deflate at approximately 28.5-km.

If deflation occurs at the design altitude there is no error attributable

to incorrect sphere mass. If deflation occurs above the design altitude the

logic outlined demands a substantial mass correction. The leak is assumed a

sonic jet and the mass change for a 66-cm sphere is given by:

m -_ t - 70 in15= e _ -

m7o td - 70 Pd

where:

m7o is mass of gas at 70 sec (ejection)

t is time (sec)

p is ambient pressure (mb)

sub d is at deflation.

The calculation of mass loss at a given altitude as a function of deflation al-

titude for the 66-cm sphere is shown in figure 2. In figure 3 is given the

percent change of sphere mass at any altitude as a function of deflation alti-

tude. If not corrected, this percent change may be thought of as a density er-

ror. Figure 4 shows the effect of mass correction for early deflation on NASA

10.265.
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The correction of sphere mass for premature deflation is sufficiently im-

portant that it is incumbent upon the experimenter to determine the altitude of

deflation carefully on eac_ flight. We have found this to be an obvious proce-

dure, although it was once disputed.

The deflation altitude is found by first reducing the data to as low an

altitude as possible, neglecting where deflation may or may not occur. Then

the fall rate, or vertical velocity is plotted on a semilogarithmic graph.

Figure 5 is an example of such a plot. The solid lines represent the standard

deviation in fall rate of 12 soundings at KwaJalein Island. Fall rate never de-

parts from this pattern until deflation when it suddenly decreases. It is ele-

mentary to note the normal deflation of one sphere (NASA 10.253) and the abnor-

mal 40-km deflation of the other (NASA 10.265).

If the fall rate plot is not sufficiently convincing, the plot of densities

should be made. Figure 6 shows the density data from the same two flights. A

30 to 40% density increase in l-km cannot occur and indicates deflation.

The radar AGC records confirm deflation rather than indicate it. On many

occasions the AGC record has a remarkable change of character at deflation, it

is often subtle, but always detectable on the FPQ-6. The two flights under dis-

cussion are excellent examples of both extremes and are shown in figure 7. The

deflation of 10.265 is sufficiently obvious that it may be utilized to pinpoint

the exact time and therefore altitude of deflation. Deflation of 10.253 is not

immediately obvious but a definite change of character in the signal is there.

If several more feet of the record could be shown it would be even easier to

verify, since the high frequencies persist to the end of the record and no high

frequencies are present in the noise earlier in the flight. Pinpointing defla-

tion time of 10.253 would be hazardous. It may be added that normal and prema-

ture deflations have no correlation with AGC signal characteristics.

Summarizing the sphere mass error discussion: There is no error attribut-

able to sphere mass when deflation occurs at design altitude. There is a sub-

stantial correction to mass required when premature deflation occurs. Whether

this correction is exact depends upon the logical arguments given. No other

logical argument has been heard. Since the correction is large, based on ideal

flow through an orifice, and since the character of a leak is indeterminate it

is important to pay careful attention to sphere sealing and packing as well as

an accurate determination of the deflation altitude. This determination is sim-

ple and precise.
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Radar Tracking Data

i. Discussion

Radar position data has long been credited with contributing a major share

of error in the sphere technique. In order to determine the magnitude of the

error many computer simulations have been made but sufficiently elaborate radar

error functions cannot be supplied. Therefore, these studies proved to be in-

conclusive.

Recent flights have been made which promise to end the speculation, all in-

volving use of the AN/FPQ-6 radar at Wallops Island, Va. This radar has on the

order of 20 db more return signal than the standard AN/FPS-16 radar due to

higher gain in transmission and antenna, a smaller angular error specification,

and a direct reading range-rate output which is superior to our best computed

effort at range differentiation. All told, the performance of the AN/FPQ-6 was

such as to be expected to yield the highest quality sphere data yet obtained.

The importance of this high quality data was not in improving the knowledge

of the upper-atmosphere over Wallops Island, but in serving as a standard for

comparing other radar performance, particularly the AN/FPS-16, and for determin-

ing the overall precision of our reduction techniques.

2. Techniques Compared

It has been long recognized that the highest quality data in a passive

sphere technique is obtained when the sphere is ejected on the upleg. Since

radars are fundamentally a range-measuring device their range data are vastly

superior to their angle data. The upleg drag acceleration can then be computed

almost wholly by double-differentiation of the range data because the sphere is

flying directly away from the radar and angle measurement is of small import.

The FPQ-6 with range-rate output used in conjunction with upleg ejection

was expected to and did, provide excellent data to an exceptional altitude and

at the same time offered the opportunity to compare three data reduction tech-

niques. The results of sphere 10.253 are shown in figure 8.

O

The "Ascent-R data" plot from 91 to 120-km are densities obtained by dif-

ferentiating the range-rate data as explained by Peterson, et al. [1965]. This

density data represent the best possible as only a single differentiation of

the data is required and the angular components of velocity are small.

The "Ascent-R, G, g data" plot from 95 to llO-kmwas obtained by our usual

upleg technique of singly and doubly differentiating the range-data to provide

velocity and acceleration. Again, single differentiation of the angle data is
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required but angular componentsof velocity are small.

The "Descent-R, G, _ data" plot from 100-km downto 30-km are densities
obtained from our usual descent technique in which single and double differen-
tiation of the range, azimuth, and elevation data is required at each level at
which a density calculation is made.

Agreement of the three techniques is outstanding. The significant results
are that all three techniques are practical, that an upper altitude limit for
each technique is established with good confidence, and that this radar can pro-
vide a standard for comparing other radars and methods.

Weconclude from this comparison that considering radar tracking errors
alone the limits are 93-km for descent, 108-km for ascent range data, and al-
though no comparison can be made, perhaps 120-km for ascent range-rate based on
the lack of scatter. The average difference between ascent techniques from 94-
to 108-km is 3.1%.

3- Radars Compared

To compare radars we use the technique comparison above which indicated

FPQ-6 ascent range-rate data was an excellent standard. Figure 9 compares FPQ-

6 ascent range-rate data with FPS-16 ascent and descent data. The FPS-16 radar

involved was equipped with parametric amplifiers. (FPS-16 has no range-rate

output.) The flight is 10.254 at Wallops Island, Va. The FPS-16 ascent data

show considerable scatter beginning at 104-km. Between 97-km and 104-km the

average difference is 5% (from FPQ-6 range-rate data). Descent data is obviously

yielding an intolerable error above 93-km, while scatter at 88-km and 81-km

looks suspicious. Unfortunately, the FPQ-6 on descent was tracking an unln-

flared second sphere and no descent comparison below 93-km is possible.

In figure i0 is shown a descent comparison of the two radars tracking

sphere 14.386 downwards. The FPQ-6 shows scatter above 94-km almost exactly as

predicted by the technique comparison. The FPS-16 shows intolerable scatter

above 80-km, which also is consistent with figure 9. The agreement below 80-km

looks poor to the eye but the average difference is only 2.8%.

Another comparison is available on our unusual wave-like sounding 10.154.

With the FPQ-6, ascent range data is good to about ll0 km, descent data to 98-knu

The maximum altitude on the FPS-16 is 102-km for ascent and 82-km for descent.

The FPS-16 was not equipped with parametric amplifiers at the time of this

flight. The descent data comparison is truly phenomonal as the plotted points

below 80-km cannot be distinguished at most altitudes. The average difference
below 80-km is only 1%.
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4. SummarF

The comparisons of radar performance and data processing techniques have

yielded conclusive results:

a. The fine atmospheric structure shown by the falling sphere technique

cannot be dismissed as a problem associated with radar tracking error. This is

proved conclusively by the two independent tracks of 10.154 which copy every

structural detail. If the small excursions are not atmospheric, they are due

to some other error source.

b. The performance of the radar or radar-sphere combination is consider-

ably variable. Compare 1.0_ on sphere 10.154 with 2.89 on sphere 14.386.

c. The maximum altitude of satisfactory radar performance with a 66-cm

sphere is approximately:

Technique

FPQ-6 Ascent (range-rate)

FPQ-6 Ascent (range, angles)

FPQ-6 Descent (range, angles)

FPS-16 Ascent (range, angles)

FPS-16 Descent (range, angles)

Max. Alt.

120-km

i08-km

94-km

102-km

80-km

d. Density errors due to radar tracking errors below 80-km may average

on the order of 2_ with the FPS-16 and if with the FPQ-6. Above 80-km the

technique must be carefully chosen to ensure validity. If the tabular values

in (c) are observed the error should not exceed an average of 33.

Drag Coefficient

The knowledge of drag coefficient (CD) as a function of Mach and Reynolds

numbers is essential to relate the experiment results to the ambient atmosphere.

The falling-sphere technique yields the product of CD and density as primary

data, hence errors in CD cause inverse proportionate errors in density.

Aerodynamic drag theory can predict the drag coefficient in certain Mach

and Reynolds number regimes with precision but these regimes are limited. Vir-

tually all the drag coefficients required must be experimentally determined.

Because experimental data were badly lacking in some regimes required for passive

sphere data experimental wind tunnel measurements were conducted [Heinrich,

1965]. These experimental data were soon utilized by most if not all passive

sphere experimenters.
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All inflated spheres are designed for a minimum mass-to-area ratio, there-

fore when falling through the atmosphere they quickly lose velocity, pass

through the transonic regioa, and reach a terminal velocity of less than Mach

0.39 at about 58-km altitude for a 66-cm sphere. The spheres continue their

flight at smaller Mach numbers thereafter. This Mach number is of interest be-

cause the referenced investigator, Heinrich, presented a curve and table for

M < 0.39 implying no Mach number dependence below that number. This curve and

tabular values did not agree in slQpe with his wind tunnel results at higher

Mach numbers. Using these data we consistently derived extraordinarily high

stratopause temperatures. The temperatures were the result of using the M i .39

curve as it was exclusively used below 58-km.

In 1968, another series of experiments was conducted in a ballistic range

[Goin, 1968]. These results exhibited much the same trends as the Heinrich's

M < .39 curve but were about 10% lower in the Reynolds number range of interest

(27000 < Re < 20,000). Figure ll presents the results of Goin, Heinrich,

Heinrich's M < 0.39 curve, and some other experimental results of Wieselsberger

and Lunnon. Goin's data closely match Wieselsberger's and Lunnon's, while they

do not confirm Heinrich's data at higher Mach numbers, even in trend.

We were concerned about the seeming discrepancy at M _ .39 until, checking,

no experimental basis for the Heinrlch curve was found.

Passlve-tracked-sphere experimentalists should use the Goin data. Other-

wise, density results will be about 10_ low at Mach numbers below M = .39. For

66-cm spheres the temperatures will also be erroneous as the curve is entered

at a Reynolds number where the slope is incorrect as well.

In the case of 1-meter spheres, the curve is entered at a Reynolds number

some 50_ higher in a region where the slope is approximately correct. This

causes minor effect on temperatures but a large density error will still be en-

countered.

Further experiments to obtain suitable drag coefficients in the transonic

and some supersonic regions are indicated. The small scatter of Goin's ballis-

tic range data (total excursion less than ±l_) affords basis for optimism that

the drag coefficients can be measured reliably along the entire trajectory to

an accuracy approaching l_ excepting the region very close to Mach 1.0.

Summary

Three major error sources have been discussed. Mass error is nonexistent

on properly deflating spheres, but an appreciable correction, implying unknown

error, is required in the case of premature deflation. Radar tracking errors
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were shown to be intolerable above a limiting altitude which depends on radar

type and sphere technique. Below this limit, average errors of i% to 3% were

inherent with the AN/FPQ-6 and AN/FPS-16 respectively. Drag coefficient errors

of under _ were found in the subsonic regime which spans a major portion of

each flight when using Goin's data. A major error occurring from use of Hein-

rich's M _ .39 curve is noted which is unusually important because M _ .39

covers 30 to 40% of the altitude range.

ANALYSIS OF THE UNUSUAL SOUNDING

Error Magnitudes

Figure i demonstrated sphere densities from 10.154 which were unusual in

having oscillations of 24%, 36%, and 24% peak-to-peak with lO-km vertical wave-

length, lying between 30 and 60-k_

The question was apparent: could this wave-like oscillation be erroneous?

In the previous discussion all known error sources were examined. Three were

found to be negligible. Three more were found to be significant: mass loss,

drag coefficient, and radar track. In i0. 154 deflation was at the normal alti-

tude and mass loss is ruled out as the source of any error. In the regime be-

low 60-km, drag coefficients are known quite well; interpolation for Mach num-

ber between Goin's measurements should add less than 1% and the Goin measure-

ments are on the order of 1%. Radar tracking by two radars was in extraordinary

agreement, implying an average error of approximately 1% due to the radar track-

errors. These three errors are not necessarily random so the three are added

to give a conservative total error of 3%. Therefore the oscillations cannot be

due to any error source we have discussed.

Vertical Winds

From our previous analysis it is evident that the wave-like oscillation of

density on sounding i0. 154 must be atmospheric. The most convincing conforma-

tion would be another sounding. Fortunately, the unusual sounding was the first

of a series, and was followed by another about nine hours later. Figure 12

shows the density results of both, 10.154 and 10.169. While the wave-like os-

cillation is of smaller amplitude and shifted somewhat in the vertical scale,

i0. 169 confirms that the effect was atmospheric and had persisted for hours.

It too, viewed alone, would be termed unusual.

In the falllng-sphere technique, it is impossible to distinguish density

effects from vertical winds. The vertical wind was customarily assumed to be
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negligible, and for years most theorists felt that the vertical component would

attain a maximum of several centimeters per second. The possibility of vertical

motion induced by gravity waves should also be considered. Vertical winds as

high as 2_ m/s have been estimated from noctilucent cloud observations above

80-km [Witt, 1962]. Short period gravity waves may induce relatively large ver-

tical velocity [C. O. Hines, private communication, 1967]. In analyzing the

unusual sounding we found a vertical wlnd component of 3 m/s would have been

sufficient to cause the oscillation presumed to be density. The falling-sphere

technique appears to be an excellent detector of a gravity wave, though by its

nature must fall to distinguish vertical wind from density. In a strong wave,

such as encountered In 10. l_4 any portlon of the density oscillation which was

in fact a vertical wlnd would cause erroneously large temperature oscillations.

CONCLUSIONS

The passively-tracked, inflated, falling-sphere technique is adequate for

making routine high-altitude soundings with economy and accuracy, but is limited

to sites having a powerful radar. Evaluation of the sphere deflation altitude

and the correction of sphere mass is crucial to deriving the correct atmospheric

density. Descent density data obtained by tracking a 66-cm inflatable sphere

with a AN/FPS-16 radar equipped with parametric amplifiers is questionable above

an altitude of 80-km. New drag coefficient data as measured by Goin should be

used to derive the proper atmospheric density profile. The inflatable, pas-

sive sphere appears to be an excellent detector of a gravity wave, though by Its

nature must fail to distinguish vertical wind from density.
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A CAPABILITY MODEL FOR PASSIVE SPHERES AT HIGH ALTITUDES

By Forrest L. Staffanson and R. Gary Phibbs

University of Utah

INTRODUCTION

The motion of a sphere free falling in the high atmosphere deviates from gravita-

tional acceleration according to the drag expression

pV2CD A

av - gv = aD = 2m

where a V and gv are the inertial and gravitational acceleration components along

the trajectory. (Symbols are defined in the appendix.) Atmospheric density can be

deduced from the motion according to

2m av - gv

P= _D A V 2

Uncertainty in the result depends on uncertainty in the measured trajectory quantities,

assumed drag coefficient, gravitational acceleration, and sphere constants. By assuming

random independence, these uncertainties are related as follows:

\aD/ + + +\CDA / \aD ]

Atmospheric temperature can be calculated from the deduced density profile within

the validity of the hydrostatic equation and equation of state according to

Uncertainty in the initial value T O and mean molecular weight, as well as in the

aforementioned quantities, produce uncertainty in the calculated temperature.

0,o)°o+G o09+

1 2 5p 2 _z)2 2 k k+ p) + (Pg +_g _(pgAz)i(Pg'Z
i ij

(i ¢ j)
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where 0 -<__tg =<1 according to the nonindependence of the error in g with altitude.
The assumption here of point-to-point independence in other quantities such as CD is

undoubtedly pessimistic in 5T/T. Further investigation and experience with the

passive-sphere technique will provide quantitative information concerning independence

and correlation in such quantities.

ACCELERATION AND VELOCITY UNCERTAINTY

Uncertainty in the measured acceleration and velocity of a passive sphere is deter-

mined by the accuracy of the tracking instrument and by the length of the data-smoothing

interval used in computing time derivatives. (We make the tacit assumption that no error

is introduced by the smoothing model, which is tantamount to assuming that the sphere

trajectory is exactly of the order or form of the polynomial or other function used in

fitting the data.) Bases for a general quantitative evaluation of derivative uncertainty

from position uncertainty and smoothing interval length are presented herein.

The tracking system measures the position of the sphere to within some volume of

uncertainty which, in turn, may vary in size and shape according to sphere position. The

dimension of interest in this volume is that along the drag vector, which for the high alti-

tudes under discussion is parallel to the path tangent. By assuming that the tracking

system measures sphere position in slant range

angle E, with uncertainty in each, 5R, 5A, and

path tangent is given by

where

R, azimuth angle A, and elevation

5E, the position uncertainty along the

V2 = (_)2 + (R_)2 + (RA cos E) 2

Smoothing of data rests on available discriminating knowledge of the signal and

noise in the data. The major characteristic of the signal, which immediately suggests

itself, is sphere inertia, which implies a cutoff frequency in sphere velocity response.

Linearizing the drag acceleration about a point on the trajectory provides an expres-

sion for the local frequency response.

PCDV

Ws = (m/A)

The corresponding minimum altitude wavelength of density structure to which the sphere

can respond is
2_E

Z s = U)s
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The radius
given by

_z of the altitude neighborhoodwithin which a constant

l(0 sz) 10coa = + +cD V

¢os is valid is

The first term in the sum is the reciprocal of the local scale height

H = R*T

Mwg

the second is small, and the third is proportional to density according to

1 oV PCD V

V az 2(m/A)

The first term dominates at high altitude. By assigning a "validity limit" _Ws/cos, the
/ cos \

altitude interval over which constant cos holds is ±Az = 2H_-_s_ ). The character of
low-order polynomial smoothing routines in the frequency domain is approximated by that

of a low-pass filter with cutoff frequency wf inversely proportional to smoothing
interval W.

7T

cof =

The altitude interval traversed during a "window" time length W is proportional to

vertical velocity _, and the minimum altitude wavelength in density structure passed by

such a filter is about twice that interval.

Zf = 2W_ = 2_....__
cof

Processing the data with a low-pass filter having a cutoff frequency col = cos

would reject considerable noise without disturbing the signal. As altitude increases,

however, Zs/2 exceeds its range of validity 2H(_cos/cos). Though approaches are con-

ceivable, by using advanced processing techniques which may effectively enable the use

of greater smoothing intervals without exceeding the validity of the associated smoothing

model, smoothing intervals are currently limited for practical purposes to those over

which ¢os is constant, i.e., to Zs/2 or 2H(Acos/cos) , whichever is smaller.

Matching W to the frequency response of the sphere but limiting it to

2H(_cos/cos) requires

W- _(m/A) _Z (4 )3PCDV s -<4H cos�cos

2H
W_--w EZs > 4H(ACOs/Ws) _
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For the higher altitudes of interest, the windowwill dependon H, andtherefore, the
data are filtered less and less with increasing altitude, relative to sphere response. A
variable smoothinginterval of this maximum length approximates best that canbe done
with the standard smoothingtechniquesof low-order polynomial fitting.

Other noise andsignal characteristics whichpermit the identification of certain
desired or undesired componentsin the data sometimes exist. Special techniques
designedfor specific componentsare assumedoperative in the present discussion to the
extent that their respective net noise componentsdo not exceedthe assumedmeasure-
ment uncertainties.

Time derivatives from a low-pass filter are boundedby the cutoff frequency and

by input amplitude. If input uncertainty is 6X, thenuncertainties in the first and second
derivatives are approximatedby

_ = _f_X

_ =_7_x
1

system at high altitudes. By letting

o-- t---_-JLt_)

The first term is

The above relations combine and reduce to an error model for the passive-sphere

A¢0 s
-1,

¢0 s

+ + +

> (z,:

] L\2HpCD + (Zf = 4H)

A quantitative illustration of this error model, including the associated temperature

uncertainty is presented in tables I and II and figure 1.

For reference, a simulated 160-km trajectory in the U.S. Standard Atmosphere

1962 of a 1-meter, 100-gram sphere is used. Arbitrary values for input uncertainties

are based on published experience (refs. 1, 2, and 3).

Uncertainty is taken here to correspond to practical limits of error. Uncertainty

of the value of a normally distributed random variable is taken as two standard deviations
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andthat of a uniformly distributed quantity its semirange (radius). Quoteduncertainty
values for drag coefficient, for example,are understoodto meanthe limit within which
the true value lies with a high (80- to 90-percent) probability. Inputs and results here
may be halved throughout to correspond to the standarddeviation.

The uncertainty inputs are as follows:

5R= 9.0 meters

5E = 6A = 0.0001 radian

6CDA
_= 0.03
CDA

6m = 0.01
m

5Mw = 0.03

Mw

OBSERVATION

The quantitative results of the illustration suggest a significant finding concerning

the passive-sphere technique. Deviations between sphere results and results from

other atmospheric sounding techniques may be explained in large part as a consequence

of the smoothing interval used.

It is recommended that data reduction programs include the automatic calculation

of the point-to-point uncertainty and present a measured parameter q from a given

sounding in the form of q + Aq, rather than simply as q. Thus, for example, the density

profile plot would be a curve with varying width within which the measured density lies

with a stated probability. Comparisons between techniques would then be expected to

produce overlapping curves.

It is expected that tracking accuracy, 6R, 6E, 6A, will not increase significantly

over the assumed values for altitudes considerably higher than 90 km. Therefore, larger

data-smoothing intervals would materially enhance the altitude capability of the passive-

sphere technique. By assuming successful higher order smoothing models, an upper

bound or the maximum possible smoothing interval at a given altitude is the period of the

entire trajectory above that altitude including both upleg and downleg portions. Further

investigation of the practical capabilities of potential and advanced data processing

methods is indicated. The tracking accuracy requirements for a new passive-sphere

system must depend on properties of the smoothing interval to be used.
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E
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gv

H

M

M w

m

NRe

R

R*

T

V

W

APPENDIX

SYMBOLS

sphere cross-sectional area, m2; radar azimuth angle, radians

drag acceleration, m/sec 2

inertial acceleration along the trajectory, m/sec 2

drag coefficients

radar elevation angle, radians or degrees

gravity, m/sec 2

gravitational acceleration along the trajectory, m/sec 2

atmospheric scale height, m

Mach number

mean molecular weight

sphere mass, kg

Reynolds number

radar slant range, m

universal gas constant, joules/°K kg-mol

atmospheric temperature, OK

time

air speed, m/sec

smoothing interval, sec
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X

Zf,Zs

6q

_g

P

¢of,Ws

position along trajectory, m

minimum altitude wavelength; passed by smoothing or sensed by

sphere, respectively, m

Subscripts:

q

degree of nonindependence of gravity error with altitude

atmospheric density, kg/m 3

trajectory angle from horizontal, degrees

cutoff frequency of smoothing response or of sphere response, respectively,

radians/sec

i,j ,k indices

altitude, m

uncertainty along trajectory of any parameter

O initial

Dots over a symbol indicate the degree of the derivative with respect to time.
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t_

see

220

225

230

235

24O

245

25O

255

264

279

Z_

km

115

110

105

I00

95

90

85

8O

75

7O

TABLE I

DOWNLEG

V, E, _,
m/sec degrees m/sec

_ R_

degrees km

-7218 143.9

-73.3 140.9

-74.2 138.0

-74.8 135.1

-75.9 132.4

-75.7 129.7

-76.9 127.2

-77.4 124.8

-79.2 122.4

-83.0 120.1

960

1004

1043

1074

1089

1073

986

774

458

254

53.0

51.3

49.6

47.8

45.4

43.9

42.0

39.5

37.8

35.7

/_, R_,
m/sec m/sec

-562 -779

-575 -821

-583 -856

-582 -911

-569 -925

-539 -930

-475 -862

-358 -718

-208 -406

-123 -221

z, CD a D,
km M NRe m/sec2

115

ii0

105

i00

95

90

85

80

75

70

2.75

3.12

3.40

3.69

3.88

3.98

3.66

2.87

1.61

.854

2.41

5.99

14.5

38.4

101.0

277.0

645.0

1277.0

1491.0

1540.0

2.44

2.37

2.20

1.84

1.51

1.29

1.19

1.12

1.03

.604

0.413

.914

1.98

4.13

8.52

18.4

36.1

53.1

36.8

13.3

-917

-963

-1004

-1037

-1055

-1042

-960

-756

-450

-252

Z_

km

115

110

105

100

95

90

85

80

75

70

5p 5T ST, 5X, SaD 5V Zf, Zs, W,
p -T- OK m a--_ 2 _-- km km sec

0.758

.520

.314

.199

.117

.067

.041

.034

.033

.034

0.909

.593

.349

.214

.126

.076

.052

.046

.046

.046

275.0

153.0

81.6

45.0

24.0

12.8

12.6

12.5

12.4

12.2

0.757

.519

.313

.197

.113

0.004

.005

.005

.006

.006

36.9

31.2

28.4

25.4

23.6

6.+6

3.+6

1 .+6

647

424

13.7

9.4

8.3

9.2

10.1

12.1

12.0

11.8

11.7

11.4

.059

.025

.011

.008

.009

.007

.007

.007

.008

.009

21.8

21.8

21.7

24.0

26.3

191

82.4

34.6

17.6

15.1

20.1

16.3

14.1

12.2

12.8

10.5

11.5

14.3

19.2

30.0
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TABLE II

UPLEG

t_

sec

23.6

18.4

13.4

8.6

4.1

0

Km I

115 [

110 [

105 [

100 [

95 [

90 [

V, _P, R, E, _,
m/sec degrees km degrees m/sec

962

1012

1065

1124

1197

1304

72.8

73.8

74.4

74.9

75.5

76.0

119.0

113.9

108.7

103.5

98.2

93.1

75.0

75.0

75.1

75.1

75.2

75.2

-- R_.,
m/sec m/sec

961.7 -35.9

1012.0 -24.7

1065.0 -13.8

1124.0 -2.32

1197.0 8.93

1303.0 20.6

919

972

1026

1085

1159

1265

Z)

km

115

110

105

100

95

90

M

2.76

3.15

3.47

3.87

4.27

4.84

NRe

2.40

6.04

14.8

40.5

112.0

340.0

CD

2.44

2.37

2.19

1.82

1.48

1.27

aD,
m/sec 2

0.414

.930

.413

.442

10.2

26.8

z,
km p

115 0.535

110 .371

105 .228

100 .148

95 .090

90 .055

5T

T

0.735

.468

.273

.166

.I00

.065

6T,
OK

223.0

120.0

63.9

34.9

19.6

11.7

5X, SaD

m aD

9.00 0.534

9.00 .369

9.00 .226

9.00 .144

9.00 .084

9.00 .045

2 5__V Zf,
V km

0.003 36.9

.003 31.3

.0O4 28.4

.004 25.4

.005 23.6

.005 21.8

ZS_

km

6.+6

3.+6

1.+6

8.+5

427

193

W_

sec

2.04

16.1

13.9

11.7

10.2

8.6
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REQUIREMENTS FOR TRACKING RADAR FOR FALLING SPHERES

By John L. Hain and William E. Brockman

Booz, Allen Applied Research, Inc.

SUMMARY

As a part of the system design of an upper air synoptic sounding system for NASA

Langley Research Center, a technique was developed for expressing explicitly the effect

of pertinent radar accuracy limits on the uncertainties in the meteorological data pro-

duced by the system. The results of this aspect of the study are briefly reviewed herein.

INTRODUCTION

The passive falling sphere is the lightest and least expensive payload which has

been shown to provide satisfactory data in the upper atmosphere, i.e., 30 to 100 km alti-

tude. The payload and the means of lofting it have been well developed and their costs

are well understood and manageable. The usable data, however, come from a high-cost

ground tracker of limited availability. With few exceptions the data have been obtained

using rather expensive trackers procured for and dedicated to significantly different

purposes. The purpose of this paper is to explore the relation between the requirements

for data on the motion of the sphere and selected sources of error in a radar tracker.

The discussion will consist of three parts, covering: first, the sphere trajectory;

second, some pertinent radar accuracy limits; and third, the consequent limits on density

and wind accuracies. Since only certain limiting conditions are considered, the results

are essentially boundaries rather than explicit statements of accuracies applicable to

specific configurations.

A detailed derivation of the equations used in developing these boundaries is

included in reference 1.

SYMBOLS

B Receiver Bandwidth

CD

E

Drag Coefficient

Elevation Angle of Sphere from Tracker

F o Receiver Noise Figure
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g Gravitational Constant

Gt ,G r

L

Gain of Transmitting and Receiving Antennas

Tracker System Losses

N Number of Independent Data Points

Pt

R

S/N

At

Radiated Power of Tracker

Slant Range Between Sphere and Tracker

Radial Velocity Between Sphere and Tracker

Effective Signal to Noise Ratio

Time Interval in Seconds

X_Z x and z Coordinates of Sphere Position

W Wind Vector

W z

Aq

Vertical Component of Wind

Angles Defining Line of Sight Between Sphere and Tracker

Bias Error in Any Parameter q

Antenna Beamwidth

Operating Wavelength of Tracker

Density

(Y Radar Cross Section of Sphere

(7
q Standard Deviation of Any Parameter

Variance of Random Error in q
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T Tracker Pulse Length

Dots over a symbol denote the degree of the derivative with respect to time.

THE SPHERE TRAJECTORY

Assuming a rocket-lofted sphere, a skewed trajectory envelope such as that

depicted in Figure 1 was used. Wind profiles of _50% and +99% were included to assure

adequacy of spatial coverage. A collocated launcher and tracker were assumed to mini-

mize personnel, logistic and real estate costs for a synoptic system. The initial condi-

tions (at the top of the sphere trajectory) are as follows:

Altitude

Horizontal displacement

Horizontal velocity

Gravitational acceleration

Area/Mass ratio

Radius of the earth

140 km

40 km

200 meters/sec

-9.8 meters/sec

6.54

6,378,388 meters

The resultant theoretical descending trajectory, using the +50% wind profile, is shown in

Table 1. If such an actual trajectory can be observed as a suitable set of coordinates vs.

time, both density and wind data may be determined.

The density of the atmosphere in the immediate vicinity of the falling sphere may be

derived as a function of:

Vertical velocity of the sphere

Vertical acceleration of the sphere

Drag coefficient of the sphere.

The local wind vector may be derived as a function of:

Vertical and horizontal velocity of the sphere

Vertical and horizontal acceleration of the sphere

Gravitational constant.

Thus, if our trajectory is measured as a set of spatial coordinates vs. time, it is

apparent that the falling sphere technique is as sensitive to errors in the first and second

time derivatives of the coordinates as it is to errors in the coordinates themselves. For

ease in exploring these relationships, a two-dimensional flight profile for the sphere was

assumed. This is equivalent to aligning the launcher inclination and the effective plane of

one of the tracker's angular sensors with the prevailing wind.

If the first and/or second derivatives are obtained by fitting a function to the data

points and taking the derivative, the error can be separated into two parts. One part is
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the error due to noise in the data, the other due to lack of fit by the function to the

physical laws that produced the data points.

The error due to noise is a function of:

Fitting length (number of points)

Data frequency

Noise in measured parameter

Method used (polynomial and degree).

The error due to lack of fit is a function of:

Fitting length (number of points)

Data frequency

Numerical characteristics of the function that produced the data points

Method used (polynomial and degree).

Since the purpose of this discussion is to explore the impact of radar errors, only

the error due to noise in the measurements will be pursued.

The expression for the error in density which has been derived (ref. 2) is

'
The bias error is the error due to lack of fit and will, as previously stated, not be con-

sidered. Uncertainty in the drag coefficient, probably one of the most significant problems

relative to the falling sphere technique, is, fortunately, not germane to the tracking accu-

racy exploration. Eliminating these terms, the expression for error in density may be
rewritten as

2

P_P)_ 4 1 _.2 4 2(_-Wz)'¢ +(___), z +(__Wz)__Wz
Similarly, the variance in the horizontal wind is

w= x __ g/ x +__-7-_]_ __ g2/ z

where the expression for the horizontal wind is
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PERTINENT RADAR ACCURACY LIMITS

The geometry of a generalized tracker operating on a passive falling sphere is

shown in Figure 2. As shown, the definitions are those commonly used for a phased-

array tracker. The two-dimensional analysis merely assumes that the wind lies along

either the oz or /3 axes. The elevation angle is thus the complement of _ (or _).

In the case of the usual electromechanical tracker, the analysis assumes no change in

azimuth, so that all angular data is again in the elevation angle. The other two measure-

ments of which a radar tracker is capable, range and range rate (or radial velocity), have

been shown (ref. 3) to be interrelated through pulse width so that the corresponding accu-

racy limits are not independent. The standard deviation of range varies directly with the

pulse width while that of radial velocity varies inversely. Although not strictly true in

the general case, for many applications either may be computed from the other with an

accuracy comparable to that which could be obtained by direct measurement. Therefore,

the radar measurements which were explored in detail were those of slant range and

elevation angle.

The classical radar range equation may be written (ref. 4) in the form

S_.= PtGtGr _2cr

N R4BFoL

where Pt is in watts, _ is in centimeters, R is in nautical miles, cr is in meters 2,

and B is in hertz. The achievable accuracy is a function of the effective signal to noise

ratio, and that varies inversely as the fourth power of the slant range. Thus, the quality

of the meteorological data will degrade very rapidly with increasing distance to the falling

sphere. Thermal noise, an inseparable part of every real signal, establishes a limit

beyond which no hardware can extract usable data. The standard deviations for range

and angle measurements on a single pulse basis (ref. 4) are

where aR is in meters, aE and 0 are in milliradians, and _- is in microseconds.

Using these basic tools of sphere dynamics and of radar accuracy limits it was then

possible to establish certain limits on the quality of meteorological observations.
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The obvious trade-offs were those betweenmaintaining vertical resolution and
enhancingapparentaccuracy by smoothingover a large number of datapoints. Thus,
the length of the smoothing interval becamea goodindicator of relative merit.

ESTIMATION OF ACCURACY LIMITS

One final simplification: Fully acceptable techniques for separating vertical winds

from density variance have yet to be developed, and the radar does not offer a solution.

Therefore, the vertical component of the wind vector, like the uncertainty in the drag

coefficient, does not appear in the final error model. It simply is not a part of the radar

error contribution.

Since the errors in velocities and accelerations are smaller when a quadratic poly-

nomial is fitted to the data points than when successive linear polynomials are used, the

quadratic fit was used throughout the study. Velocities were then evaluated from the first

derivative and acceleration from the second derivative of this smooth curve.

The error in the first derivative as a function of the error in the parameter is given

by

2= 12 aq2
_Cl N(N + 1)(N + 2)_t 2

and the error in the second derivative is given by

if2 = 720 _2

q (N - 1)N(N + 1)(N + 2)(N + 3)At 4 q

The error model consisted of expressions for the error in density and in horizontal

winds as functions of the variance of range, range rate, range acceleration, elevation

angle, elevation rate, and elevation acceleration, as well as values dependent on the tra-

jectory and smoothing interval.

But since only the range and elevation angle were measured, with the rates and

acceleration being derived mathematically, the model was modified by substituting the

derived variances of I_, R, l_., and _]. The model then took the form:

2

R F2_E

_2 = Gla2 + G2a2W
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where the F's and G's are lengthy functions of the coordinates and of the fitting func-

tions, but not of errors in determining the coordinates.

Since angular accuracy is the most cost-sensitive parameter of a tracker (aside

from attaining a workable signal to noise ratio) the relationship of meteorological func-

tion error to angular error was explored.

The first method of analysis was to assume a slant range error of 5 meters and to

compute the smoothing interval when the elevation angle error was 0.05 mil and the den-

sity error was 2%. The density error limit was then increased to 3% and various values

of elevation angle error were tried until the resulting smoothing interval was approxi-

mately equal to the 0.05 mil, 2% result. The process was repeated for density errors of

4% and 5%. The corresponding wind error was computed at each altitude level, for each

combination of elevation angle error and density error. The complete profiles are given

in Figure 3.

The following combinations of density error and elevation error yield approximately

equal smoothing intervals. The maximum horizontal wind error for each combination is
as shown.

Elevation, Density,

eE (mils) O'p (%)
P

Wind,
aw (meters/sec)

0.05 2 19

0.I0 3 37

0.15 4 54

0.20 5 70

The second method was to allow the elevation angle error to assume successively

larger values, the only other parameter which was allowed to change as a consequence

was the smoothing interval. This has the net effect of increasing the uncertainty as to the

altitude at which the computed density was valid and, thus, results in a net uncertainty as

to the density profile. The data are shown in Figure 4.

CONCLUSIONS

A method has been developed, programed, and tested for quickly determining the

error contours applicable to a passive falling sphere, upper-air sounding system. It was

then apparent that a synoptic system using the given trajectory placed stringent require-
ments on the tracker.

181



A stated design goal of a vertical resolution of 500 meters, with a standard devia-

tion of 2% in density data and of 5 meters/second in wind velocity (below 70 km altitude)

can be met, but it requires a sufficiently high signal to noise ratio in the tracker that the

uncertainty due to thermal noise is no greater than 5 meters in range and 0.05 mil in

angle.

Relaxation of vertical resolution permits longer smoothing intervals with conse-

quent dramatic reduction in requisite angular accuracy.
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THE TONE RANGE/TELEMETRY INTERFEROMETER TRACKING

SYSTEM FOR SUPPORT OF SOUNDING ROCKET PAYLOADS

By John I. Hudgins and James R. Lease

NASA Goddard Space Flight Center

SUMMARY

The Tone Range/Telemetering (TM) Interferometer tracking system provides tra-

jectory information for any rocket, balloon, or airborne scientific device which employs

telemetry. The system was developed as a back-up and/or replacement for radar to

provide the trajectory data of scientific sounding rockets.

This system is comprised of three basic systems: the Airborne, the Tone Range,

and the Interferometer. The Airborne system provides ranging reception and telemetry

transmission, the Tone Range system provides distance or range data, and the Interfer-

ometer system provides angular data.

The Tone Range system derives range by measuring the phase shift experienced by

two tones. These tones are radiated from the ground to the Airborne system and

reradiated back to the ground by the telemetry transmitter. The tones are then com-

pared in phase with the ground standard. The phase shift of each tone is proportional to

twice the slant range to the Airborne system.

The Interferometer system derives angular data by measuring the difference in

electrical phase of arriving energy, radiated from the Airborne system, at two ground

antennas spaced 16 wavelengths apart. Comparing the phase of the outputs of the two

antennas, the azimuth of the Airborne system can be determined with respect to the

antenna base line. By using four antennas, two orthogonal base lines, the azimuth and

elevation angles can be derived from the electrical phase angles.

The Tone Range/TM Interferometer system has been used to track 22 sounding

rockets since 1967. Several of these rockets were also tracked by radar and Radint. A

comparison of the trajectories has shown that there is an average difference of 30 meters.

INTRODUC TION

The requirement for determination of the trajectory and position of spacecraft has

brought about the development and deployment of many forms of tracking systems. These

include tracking radars, such as the MPS-19, FPS-16, and FPQ-6 systems; multi-station

Doppler systems, such as Dovap; multi-station interferometer systems, such as Minitrack;
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combined Doppler interferometer systems, such as Radint; ballistic camera and theodolite

installations; and recently, laser ranging systems. The principal systems used for

tracking sounding rockets have been the various radars, although Radint has been used

extensively in support of the grenade and pitotstatic probe experiments. Operation of

the radar at NASA Wallops Station, Virginia, has been reliable without question. How-

ever, the same cannot be said of the tracking radar support at some other ranges, prin-

cipally because of the lack of a sufficient number of redundant systems.

The Goddard Space Flight Center has long desired to provide some simple form of

redundant tracking system to provide backup range and/or positional information. It was

decided that the most advantageous and economical solution would combine the telemetry

and tracking function. Two approaches were initiated: increasing the telemetry capa-

bility of the Radint tracking system, and adding a ranging capability to the standard

FM/FM telemetry system. Both approaches have been successfully effected; however,

the frequencies allocated to Radint have, up to now, required the use of cumbersome

antennas thereby negating popular acceptance.

Several methods to obtain the desired information via standard telemetry were

examined with the precision tone-range method being finally selected as the most prom-

ising. Several systems using this method had been implemented at the time of this deci-

sion. Included in these are the Sandia-AEC DME System (ref. 1) and the NASA-GRARR

System (refs. 2 and 3). The techniques used in these systems were analyzed and weighed

with respect to their impact on the standard telemetry processes.

A ranging frequency of 100 kHz was selected for precision ranging. Ambiguity

removal frequencies of 2 kHz or 4.5 kHz were selected to support the precision ranging

frequency. As with the Radint Interferometer system, the range tones are translated,

with phase intact, to a frequency of 500 Hz for the ease of phase detection, digitization,

and recording.

This report covers the Tone Range system and, to a lesser extent, the Telemetry

Interferometer addition to the Radint system. The philosophy of the measurements is

investigated, followed by system description. An analysis of data precision, accuracy and

resolution is followed in the concluding section by comparisons with FPS-16 radars at

Wallops Station and White Sands Missile Range.

SYMBOLS AND ABBREVIATIONS

ACE

AA_

coupled phase amplitude

range phase amplitude
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C

D

eMCV

F,G,H

FCNI(t)

fD

fI

Af

J

Mf

N

R

( R)cc

TI

t

tDG

tDX

tFM

tp

tTO

tXM

velocity of propagation

distance

demodulated carrier signal

IRIG data channels

initial sinusoidal periodic function of time

Doppler frequency

initial reference frequency

maximum carrier frequency swing incurred through modulation

Bessel function

a modulation constant,

integer

range

range error as a function of cross coupling

period of fI

time

ground equipment delay

transponder delay time

time from

time accumulated between initial transmission and final reception of range tone

time to

transmitter delay
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v velocity

X,Y,Z mutually orthogonal space coordinate axes

x,y,z distance along the X,Y,Z axes

Z altitude

0 angle of arrival

8cc

8E

intermodulation or cross-coupled component phase relative to _¢

resulting phase error,

wavelength

phase

_bR

initial phase

accumulation of fired phases throughout the system

range-tone phase

range-phasedifference

w = 2_f

_C

_I = 2_fl

¢oM

¢oMC

_MCI

 MCR

carrier frequency

modulating frequency

frequency modulated carrier

initial modulated carrier phase function

received modulated carrier phase function
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@MCV dynamic modulatedcarrier phasefunction

Abbreviations:

AEC Atomic Energy Commission

AFC automatic frequency control

AGC automatic gain control

Az-E1 azimuth-elevation

BCD

DME

binary codeddecimal

distance measuring equipment

Dovap

GM

Doppler, velocity and position

Goddardmeteorological

GRARR Goddard range and range-rate system

IF

IRIG

intermediate frequency

Inter-Range Instrumentation Group

LOS

NASA

PCM-FM

PRF

Radint

loss of signal

National Aeronautics and Space Administration

pulse-coded modulation-frequency modulation

pulse repetition frequency

radio Doppler interferometer system

RF

UM

radio frequency

university meteorological
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VCO voltage controlled oscillator

WWV National Bureauof Standardstime radio station "

PHILOSOPHYOF RANGEMEASUREMENT

The system described herein, like radar, uses the "quasi-steady state" Doppler
principle (ref. 4) to obtain a range measurement. "Quasi-steady state" Doppler is a
distance-propagationvelocity relationship and may be thoughtof as an accumulationof
Doppler effects, which occur during the transition from someknownpoint to a second
unknownpoint.

In the ToneRangesystem, the reference tone, a sinusoidal periodic function,
FCNI(t) = sin(wlt + qSo) , is generated and transmitted to a receiver at some fixed unknown

distance R. This reference tone is retransmitted and received at the place of generation.

This tone propagates over the distance 2R at the constant velocity

c = 2.997928 × I05 km/sec (the index of refraction will be assumed equal to unity for

this derivation); therefore, the time accumulated between the initial transmission and

final reception is tp = 2R/c.

The instantaneous phase of FCNI(t ) is q_I = wit + q_o, where q5o is the accumula-

tion of fixed phases throughout the system. These fixed phases will be assumed constant

and equal to zero for the purposes of simplicity of derivation, but will be resurrected

during the discussion of accuracy.

While _I = wlt, the phase of the returned tone _bR, which has undergone a trip of

2R and been delayed by a period 2R/c is q_R = wI(t - 2R/c); this @R shall be called

the range tone phase. The term, 2R/c is subtracted since _bR is a sample of a phase

generated at an earlier time than @I" In comparing these two tone phases we find w

unchanged, with the phase difference strictly contributed by the propagation time. The

range R may be found from a measurement of phase difference:

2wiR
A_ = _I - _bR = c

Since wI = 2_ I = 2u/TI, where T I is the period of fI, q5 becomes ambiguous at

intervals of 2u, that is, _2_ - Go - _4_ - qSN2 _" On examining _ the same period-

icity of ambiguity is noted. Rearranging the equation for R,
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When ,x_b = N2_,

linear function of

R=.._.c. _q5
2f I 2_

l

R assumes the same value c/2f I. Between these points R is a
¢

_q_. A plot of ,xq_ with respect to range is shown in sketch (a).

A¢

0 R--_

Sketch (a)

This ambiguity points out a necessity of design consideration. The maximum

expected change in range may not exceed c/2f I without incurring a doubt concerning

how many ambiguous cycles of ,x@ have occurred since the last observation. The

choice of a c/2f I sufficiently large to handle expected changes in range, leads generally

to a more coarse measurement of _ and thus _R. In general, two methods of over-

coming this difficulty are used, the first is constant observation and integration of ambi-

guities, the second is the use of more than one tone to define range. The multiple tone

approach selects a high frequency tone for high range resolution plus lower frequency

tones to resolve ambiguities in the higher frequency tones. The second approach is, of

course, preferable since loss of data or observation time may be beyond the control of

the observer.

Earlier it was mentioned that the "quasi-steady state" Doppler was an accumulation

of Doppler motion effects, that is, to obtain the observed phase shift, the observed instan-

taneous frequency must change during a transition in range. This is illustrated by differ-

entiating _bR with respect to time

and

d_bR 2_ I = 2_f I

2v
This expression is the classic nonrelativistic Doppler equation, fD = T fI, where fD

is the Doppler frequency or observed change in frequency resulting from motion.

The ranging frequencies or tones selected for use with the Tone Ranging System

were based primarily on noninterference with standard IRIG FM/FM data channels and
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conformancewith existing system limitations. At present the high resolution or "Fine"
ranging tone is 100kHz (1.5 km) with oneambiguity resolving "Coarse" tone at oneof
two frequencies 2 kHz (75km) and4.5 kHz (331km). Sinceneither of these "Coarse," or
ambiguity removal, tonesgives unambiguousrange in excessof the expected,deductive
logic plus someknowledgeof trajectories is required to find the exact range.

Obviously, the frequencies selected are of too long a wavelengthto be transmitted
directly andinstead modulatea carrier frequency. Questionsnaturally arise with regard
to the impact of this "piggyback" mode of transportation on the measurementof interest.

A frequency modulatedcarrier may be expressedin the following fashion:

where

¢oMC= w C + 2yAf cos wMt

¢oC the carrier frequency

wM the modulating frequency

o.) the instantaneous angular velocity or frequency

Af

Mf

the maximum carrier frequency swing incurred through modulation

a modulation constant, 2_ A_.f_f
wM

By integrating we obtain the modulated carrier phase function of time

q_MCI = wct + 2_ A--_-fsin wMt = wct + Mf sin wMt
w M

The steady-state carrier phase after undergoing the transit to and from a point at

range R is

_bMCR = wc(t- _)+ Mf sin wM(t-_)

The instantaneous dynamic frequency of _bMCR

_bMC R with respect to time

is obtained by differentiating
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The returned phase for the case of motion q_MCV is derived by integrating the
above equation

_bMCV = _t d_MCR = (1 - 2 v)Iwct - Mf sin wM(t - _) _

The carrier may then be expressed as

eMCV= sin{(1- 2Z)[wct- M f sin ¢_M(t- _-_)_}

This can be written in the form

eMCV=sinwct(1- _)cos[Mf(1- 2 V)sin ¢oM(t - 2R)_

+cos Wct(1- 2 V)sinEMf(1- 2 V)sin wM(t _ 2R)_

This maybe manipulated further since cos[Mf(1- 2V)sin wM(t - 2R)_ expanded canbe

expressed as a Bessel function of argument Mr(1 - 2 -_), which is written

Similarexpansionofsin[Mr(1-2V)sinwM(t-2R1
2Jl[Mf(1-2V)sinwM(t-2R)+2J3_Mf(1-2

yields

-Vc_Sin3wM(t-2R)+.. ,_

Reinstating these Bessel functions in the equation for eMCV, using only the first

order terms for simplicity of expression, yields

eMCV = J0[Mf(1 - 2 V)_sin wct( 1- 2 v)+ J1EMf(1- 2V)A_
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whereA2sin 2 )cos Ct(12:) Expan ngA,tisrewrittenin e,orm

e CV:J0 ,/12 sin ct/1
J

1st upper sideband 1st lower sideband

The simplest expression for demodulation is translation to zero frequency thus:

eMCV=J1EMf( 1-2v)_sinwM(t-2R)

wM(t - 2 R) is therefore recovered intact:The phase

Any periodic ranging system, such as pulsed radar, operates by the principles out-

lined above. The principal difference between tone ranging and radar is the trade-off

between power and bandwidth. In radar the PRF is the ambiguity removing frequency,

with the frequency of the uppermost usable Fourier component of the pulse forming the

precision ranging frequency. Due to the wide bandwidth required to accommodate a radar

video spectrum and the commensurate noise introduced in this wide bandwidth, signal

levels must be high to obtain reasonable signal to noise. Added to this, is the poor

"transponder" formed by the almost isotropic reflection from a small object thus forming

further demand for high radiated power density to obtain reasonable signal leVels at the

receiver. To obtain these high power densities and signal levels, the peak power output

must be as high as possible, plus antenna gain must be maximized. To obtain the latter,

beamwidth is narrowed as much as possible, thus presenting a problem of acquisition.

The Tone Range/TM Interferometer system uses hemispheric antenna coverage where

feasible, and beamwidths on the order of 60 ° where some gain is desired. Relative ease

of acquisition of Radar and Tone Range/TM Interferometer can be compared with using a

searchlight to follow a bird at night versus following a bird in broad daylight with your

eyes. In addition, since Tone Ranging and the TM Interferometer systems are both nar-

row band systems (<10-Hz bandwidth can accommodate the signals) a very favorable sig-

nal to noise relationship exists.

PHILOSOPHY OF ANGLE MEASUREMENT

This section of the report will not go into detailed description and analysis of the

Interferometer since much of this can be found in reference 5. This reference provides
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a detailed description and some accuracy considerations of the Radint system.

The Interferometer system is the radio frequency analog of Fraunhoffer optical

interference phenomena. Figure 1 depicts one axis of the interferometer shown at the

moment of arrival of a plane wave front at the east antenna. In the time period taken for

the wave to arrive at the west antenna, the phase at the east antenna will have changed.

If the antennas are spaced exactly 1 wavelength apart, the electrical phase difference of

the signals received simultaneously a't the two antennas is representative of the cosine of

the space angle of arrival of the wave front with respect to the plane of the Interferome-

ter. As the antenna spacing is opened up to 2 wavelengths, ambiguities begin to appear

since the same electrical phase, 0 °, is present for wave arrivals from the east and west

horizons as well as that arriving parallel to the Interferometer axis. Although ambigu-

ous, the electrical phase angle in degrees now represents half the space angle. As the

axis increases in numbers of wavelength, ambiguities increase; however, the precision of

measurement also increases proportionally. Each ambiguity is termed a "lobe." There

are 32 such lobes in a 16-wavelength interferometer. Figure 2 is an attempt to indicate

the three-dimensional configuration of the lobe pattern for half the Interferometer pattern.

Depicted in this illustration is what might be termed a "core sample" of the lobe pattern.

The lobes realistically extend to infinity. Two mutually normal Interferometer axes are

used; their combined output defines a vector which includes the center of the Interferome-

ter array, the object being tracked, and results from the intersection of two conical sur-

faces of constant phase, one associated with each Interferometer. Removing ambiguities

by using close-spaced antennas is not at present deemed necessary, since integrated

tracking from launch to end of flight or LOS has proven effective and reliable for over

300 Radint operations. However, where ambiguity removal is required, for example, sig-

nal not available at launch, this may be accomplished by the addition of one antenna and

associated electronics for each axis.

The relationship between measured phase and the space angle of arrival is derived

herein. In sketch (b), an equiphase wavefront is shown at the moment it impinges the

Sketch (b)
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right antennaof an interferometer. The phasedistribution in the direction of propagation
is _b= 27fit where ct is the distance the wavefront must travel to reach the left antenna

and f is frequency of the arriving energy. The Interferometer base is depicted as
ct

having a length of Nk. Geometrically, the desired information, cos _ = _-_. Restating
2_ct N

in terms of k, q_ =_, and rearranging yields

ct
= 2_N_--_ = 2_N cos 8

therefore cos 0 = 2--TN"

SYSTEM DESCRIPTION

Tone Range System

The Tone Range system is comprised of several subsystems. These are

Telemetry receiver, antenna, and preamplifier

Precision tone generator and synthesizer

Tone reference transmitter and antenna

Tone translator

Analog phase comparator and recorder

Servo phase comparator and grey code to BCD converter

Airborne receiver and telemetry transmitter

A simplified block diagram of the Tone Range/TM Interferometer system is shown

in figure 3. The heart of this system is the precision tone generator. This is normally

a Hewlett-Packard HP 5245L counter from which a 1-MHz output is used to synthesize

the required frequencies. (Other counter functions include driving the timing and digital

systems.)

In the tone frequency synthesizer, the 1-MHz input is applied to divider chains to

produce several phase coherent frequencies. The divider chains are commonly reset at

a 250-Hz rate to insure against lock-up and undesired noise switching. In the second

Tone system, this unit provides

Frequency

100 kHz

104.5 kHz

500 Hz

To

Reference transmitter

Reference transmitter

Reference to analog phase detectors and

servo phase detectors

Purpose

Uplink modulation

Uplink modulation

Comparison with range

tones
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Frequency

160 kHz

25 kHz

31.25 kHz

4.25 kHz

3.4 kHz

1.6 kHz

To

Tone translator

Tone translator

Tone translator

Tone translator

Tone translator

Tone translator

Conversion

Conversion

Converslon

Converslon

Conversion

Conversion

Purpose

of I00 kHz range tone to 160 kHz

of 60 kHz to 35 kHz

of 35 kHz to 3.75 kHz

of 3.75 kHz to 500 kHz +

of 4.5 kHz range tone to I. 1 kHz

of 1.1 kHz to 500 Hz +

The tone translator accepts the received mixed video and extracts the 100-kHz and

104.5-kHz range tones from the telemetry data via a 102.5-kHz, 6-percent bandwidth filter.

These multiplexed range tones, dc referenced to signal common at the filter output, are

applied to a diode limiter. This serves to establish a fixed signal level, as well as to

establish the nonlinear function for separation of the coarse 4.5-kHz range tone. The

limiter output is applied through buffer amplifiers to a 100-kHz, 2-percent bandwidth fil-

ter and a 4.5-kHz, 6-percent bandwidth filter for separation of the Fine and Coarse range

tones. The 100-kHz and 4.5-kHz tones are mixed with the phase-coherent translating fre-

quencies as indicated in the above table.

The analog phase detectors generate asymmetrical square waves, the degree of

asymmetry of which is linearly proportional to the phase difference A_b between the

500-Hz reference and 500-Hz + _b range tones. This square wave is integrated to form

an output voltage linearly proportional to _q_.

The outputs of the analog phase detectors are presented versus time by a Brush

MK 280 Analog Recorder. Figure 4 depicts a typical range analog record.

The 500-kHz reference and range tones are also applied to the servo phase detector.

Here these two signals are compared in phase by a synchroresolver, the output of which

is a voltage proportional to the phase difference. This resolver is coupled by a gear

train to a motor, the control of which is derived from the resolver output. Feedback is

obtained in this manner and maintains, through mechanical rotation, zero phase difference

between reference and range tone resolver windings.

The feedback loop bandwidth is selectable at 0.1, 1, and 10 Hz, thus allowing vari-

able control over dynamic and signal-to-noise characteristics.

The resolver-motor gear train provides other shaft outputs. With their output

rotations referenced to the resolver, these are

1-kin analog potential output 2:3

500-km analog potential output 1:300

digital encoder 1:600
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The potentiometer outputsof the range servo phasedetector are not commonly
used, however, the 500-km range potential will provide position data for an X, Y, and
Z position analog computer nowbeingdesigned.

The Datex ShaftEncoder provides a special normalized Datex code. Conversionof
this codeto 8, 4, 2, 1BCD codeis also performed by the servo unit. This is in a form
easily processedby the Radint digital system.

In the airborne portion of the system, the only special equipmentrequired is the
tone receiver andits associatedantenna. The received signal, generally 550MHz, is
demodulatedandthe resultant range tone signals are multiplexed with the data VCO out-
puts. The range tone signals are not preemphasizedin accordancewith their frequency
relationship to the VCOfrequencies. They are generally accorded 15 to 20percent of
the total telemetry transmitter deviation or +15 kHz, whichever is less. This is done to

limit the effect of tracking on data acquisition, that is, placing the priority on the acquisi-

tion of experimental data. Figures 5 and 6 show the airborne components necessary for

tone ranging.

Support Subsystems

In addition to the subsystems specific to the Tone Range system, there are several

of the Radint support subsystems which are often used in support of the Tone Range/TM

Interferometer system. These are

Tape record-playback system

Timing system

Digital system

Data link system

Station multiplex

NASA 28 bit international timing system

Tape record:playback system.: This system, selected for low skew characteris-

tics, provides a permanent record of Tone and Interferometer reference plus phase infor-

mation. In addition, flight time, voice annotation, and other pertinent information is

recorded via the station multiplex.

Timing system.- This system is activated by a launcher-mounted microswitch.

The system counts, displays, and encodes flight time. It also provides encoded time for

analog records, a visual display, and encoded time for annotation of the tape record. The

timing sequence is also activated in the tape playback mode.

Digital system.- This system accepts grey coded Datex information from the

Interferometer servo system, BCD time from the timing system, plus other pertinent

information. It processes all data to 8, 4, 2, 1 BCD, and provides a punched paper tape

containing all information pertinent to the tracking function.
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Data link system.- This system accepts paper tape reader output and converts it to

a tone format acceptable for transmission of digital data over commercial telephone

lines.

Station multiplex.- This system uses multiplexed VCO's to combine several signals,

such as receiver AGC levels, voice annotation, and other tracking function events for tape

recording.

NASA 28 bit international timing system.- This system incorporates an extremely

stable frequency source, from which it derives several forms of coded time for annota-

tion of records. Time synchronization is provided via reception of WWV time signals.

The coded time includes day of the year, hours, minutes, and seconds and is usually set

to present Zulu time. A slow 28 bit, 2 parts per second code is used for analog record

annotation.

Interferometer System

The Interferometer system consists of the antenna subsystem, the receiver subsys-

tem, the servo phase measuring unit, and the Az-E1 plotter. A magnetic tape recorder

and a digital system, which includes a paper tape punch, are used in the operation of both

the interferometer and the Doppler portions of the station. Figure 7 depicts this system's

functions in somewhat greater detail.

Antennas.- Each axis of the interferometer uses two antennas, 16 wavelengths apart;

the antenna elements are spaced 1/4-wavelength above a ground plane. Each antenna is

a pair of crossed dipoles, connected in circularly polarized configuration. Circularity

of receiving, necessary because of the rotation of the rocket, is achieved by cutting the

quarter-wave sections to a length that will cause them to be inductive, and coupling

directly to two elements while connecting capacitively to the other two. Connection is

made to the coaxial transmission line through a '_alun" (ba_.llanced to un__balanced) trans-

former. It is essential for each antenna and transmission line of a pair to have the same

phase characteristics. Pairs of antennas are chosen for their similarity of characteris-

tics. Transmission lines are cut to the same integral number of wavelengths. Connec-

tions are made to the receivers through coaxial switches, so that a locally generated RF

signal can be applied to the receivers for alinement purposes.

Signal processing.- Low-noise preamplifiers provide about 30-dB gain for the

incoming 244.3-MHz signals from the antennas plus conversion to 73.6 MHz. The pre-

amplifiers are followed by mixer stages. The local oscillator signal to the north and

east mixers is 67.12 MHz; to the south and west mixers it is 67.1205 MHz. The 6.48- and

6.4795-MHz outputs of the north and south mixers, respectively, are combined in an adder

and sent through a common IF channel; likewise, the outputs of the east and the west. A

second conversion is made, giving IF's of 465 kHz for the north and east mixers and
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465.5kHz for the southand west. The detectedoutput for eachaxis is 500Hz • phase
difference betweenthe two signals arriving at the antennas.

Phase measurement.- The phase of each of the two 500-Hz • phase signals is com-

pared with that of the 500-Hz reference signal by means of two different types of phase-

measuring equipment: servo phasemeter tracking filter and electronic, giving an analog

output.

Servo phasemeter: The servo phasemeter is an electromechanical system which

converts electrical phase differences into shaft angles. These are in turn converted to

direction cosines in both analog and digital form.

In this system, the 500-Hz + phase-shift signal is fed via a motor-driven resolver

phase-shifter to an analog-phase detector. Here, any phase difference between the phase-

shift signal and the reference 500-Hz input results in a dc voltage. This voltage is ampli-

fied and applied to the control winding of a magnetic amplifier. The output of the mag-

netic amplifier, 400-Hz power level controlled by the amplifier, is applied to a servomotor,

which is coupled to the resolver through a gear reduction. The action of this loop is such

that the resolver is driven in a direction to bring its output into phase with the reference

500 Hz. If the phase of the incoming signal continues to change, the resolver rotates to

track it. Since one rotation of the shaft gives a 360 ° phase shift, 32 revolutions are

required to track a signal source from one horizon to the other. So that unambiguous

analog and digital data can be provided, a coarse potentiometer and the shaft encoder are

geared down from the resolver shaft so as to give one continuous set of readings from

one horizon.to the other. The shaft encoder gives outputs which can be converted to

decimal numbers, -.9999 to +.9999, corresponding to the direction cosines of the angles

of the signals source with respect to the station. Positive and negative voltages are con-

nected to the ends of the potentiometers so the voltage at the center of the pot is zero

volts. This corresponds to a signal arriving from directly overhead (900). The shaft

encoder is set to give an output of .0000 under the same conditions. Then for north or

east signals, the digital output of the encoder and the voltage output of the potentiometer

will be positive, while south or west directions give negative readouts. In each case, the

magnitude is proportional to the cosine of the angle. However, since the servo phase-

meter would lock in at any one of 32 different readings, it is necessary that the two servo

systems be set to the cosines corresponding to the direction of the launch site before the

feedback loop is closed.

Electronic phasemeter: An old but effective form of interferometer phase mea-

suring technique is still in use as a redundant readout and signal loss-return code identi-

fication. Each interferometer axis 500-Hz signal is fed into an integrating-type phase

detector where the signal phase is compared with that of the reference 500 Hz. Any phase

difference produces an output voltage whose magnitude and polarity corresponds to the
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phasedifference. Eachof the two analogsignals drives a penof the analog recorder.
The data thus obtainedare ambiguous,in that a given voltage can indicate any oneof
64 different angles. It canbe resolved by countingpositive slope zero crossings from a
knownstarting point and, thus, would serve as backupdata in caseof failure to record the
other forms of data or as anaid in resolving any difficulties with the digital data.

Data presentation.- The real-time readouts of the interferometer portion of the

Radint station are the Az-E1 plot and the pen recording of the analog data from the elec-

tronic and servo phasemeters.

Az-E1 plotter: An X-Y plotter is an ink recorder having an arm movable in the

direction of X-axis, and a pen which moves along the arm in the direction of the Y-axis.

It uses a single sheet of paper which is held stationary. The output of the analog potenti-

ometer of the N-S servo phasemeter is applied to the Y-axis and the E-W is connected to

the X-axis. A special graph paper is used which, by the geometry of line spacing, per-

forms the conversion from directional cosines to azimuth and elevation coordinates.

Because of this ability to transform the data from one set of coordinates to another, the

Az-E1 plotter may be considered as a simple analog computer. This idea can be carried

an additional step by any station which is required to furnish Range Safety data. To

accomplish this, the course range analog output is processed to provide analog voltages

proportional to the slant range. These voltages are used to feed the X°I analog potenti-

ometers. The outputs of the potentiometers are now directly portional to the X and Y

components of the ground range and are used to drive one of the large X°Y plotting boards

to display the rocket position in relation to range boundaries, and so on.

The Az-E1 plot provides an indication that a normal flight has taken place and that

the equipment is functioning correctly.

Analog plot: The pen recording of the outputs of the two analog phase detectors

indicate flight and equipment performance. It is also an immediately available source

of very accurate angular data for on-site data reduction if necessary. Figure 8 is a

replica of the continuous Interferometer analog output.

SURVEY OF SYSTEM CAPABILITIES

Tone Range

Four categories define the capabilities of any measurement system:

Accuracy - the ability of the system design to limit random statistical variations,

such as noise plus the ability to define and compensate for systematic

variations. Accuracy is largely tied to the system output signal to

noise and calibration.
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Precision - this relates to the granularity of the measuring device. In tone

ranging this is governed by the highest frequency tone.

Resolution - the granularity of the system output presentation; the least significant

bit in the digital output; the least definable changes in an analog output.

Ambiguity - the ability of a system to make nonambiguous measurement.

Accuracy.- A listing of system problem areas which could affect accuracy follows.

(1) System video and resonant circuit phase effects of Doppler shift and transmitter

stability.

a. Airborne receiver converter, IF, and video filter response.

b. Airborne transmitter multiplier and output tanks.

c. Antenna bandwidths.

d. Ground receiver converter, IF, and video response.

(2) Lack of knowledge of system fixed phase shifts.

(3) Group delay in tone processive circuits.

a. Those items listed in (1).

b. Tone translator.

c. Phase comparator analog output filter.

d. Servo comparator loop delay.

(4) Reference tone stability. Besides providing a cumulative error with cumulative

range, this could also provide additional phase errors in those areas listed in

(1) and (3).

(5) Phase shift as a function of dynamic level. Affects all problem areas listed

above plus the video limit circuitry.

(6) Cross coupling and intermodulation components creating false phase.

(7) Poor signal to noise at phase comparator.

Referring back to accuracy problem area (1), the following steps have been taken in

system video and RF design to eliminate or minimize the problem:

1. Deviation of the Fine Range Tone (100 kHz) at the reference transmitter is

limited to a Mf < 0.5; thus all but eliminating the 2d and higher order sidebands

from contributing to the signal.

2. Airborne IF bandwidth is 500 kHz wide.

3. Ground receiver IF and video-filter bandwidths are 750 kHz and 300 kHz minimum,

respectively. AFC is used to maintain center in the IF bandwidth.

The telemetry transmitters and antennas used are standard, but of sufficient band-

width to limit measured offset frequency phase excursions to negligible amounts.
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Problem area (2) concernsthe time at which a measurementis recorded versus
the time that the measurementwas made. Figure 9 illustrates the situation coveredby
this analysis for a vehicle moving at a constantvelocity with respect to the ground
station.

Assume that at to, the phase _i is present at the phasecomparator and the input
to the reference transmitter modulationcircuitry. Thevehicle traverses the distance to
D1 before the signal is radiated. The time of propagation tTO to point D2 is part of
the measurementthat is desired. During the transponder delay time tDX the rocket
traverses the distance D3 - D2, following this, the time of propagation tFM is the sec-
ondportion of the desired measurement. During the groundprocessing delay tDG the
vehicle traverses the further distance to point D5. This is the actual position of the
rocket whenthe measurement is recorded with respect to time; however, the range

recorded is a function of tTO + tFM
2 or the average time of propagation and implies the

range corresponds to position D3, but is recorded at time t 5.

The propagation time from a point D3 = 150 km to ground is 500 _sec. A nomi-

nally high radial velocity for a vehicle in the post-burn phase is 1000 m/sec. The error

created by propagation time for this example, would thus be 0.5 meter. This error is

noncumulative but varies directly with range.

For a motionless payload, the other delays shown are essentially fixed and can be

compensated for by adding an equal delay to @I" However, when the vehicle is in motion,

these delays must be limited to minimize the amount of vehicle motion occurring during

the measurement process. To obtain a real-time measurement error -1 meter resulting

from system fixed delays for a vehicle radial velocity of 1 km/sec, the sum total of the

delays must be -<-1msec.

Where commercial equipment, such as the telemetry receiver and the analog

recorder, is used, delays are fixed, leaving the slack to be taken care of, if possible, in

the design of the transmitter modulation circuitry and tone processer.

The 100-kHz delays, measured in the various system components, are as follows:

System components

Up link (TRF receiver)

Down link (DEI receiver)

Tone translator

Delay for -

100 kHz

42 _sec

18 _tsec

3 msec

4.5 kHz

1 msec

10 _sec

10 msec

Uncompensated differential delays between the Coarse and Fine tones can create

unresolvable ambiguity in position of a vehicle, for which the fine range has not been
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integrated from a known position. The wide-band video circuitry, the receivers, and the

transmitter exhibit phase delays linearly proportional to frequency. The translator cir-

cuits do not exhibit this criteria. The determining phase shift is that exhibited by the

Coarse translator chain with delay added to the Fine chain to regain proportionality.

The system, besides the space and equipment carrier propagation time delay, also

exhibits a group differential phase delay (problem area 3) which results from the passage

of the Doppler components through the system. This envelope delay in the RF and video

circuitry is negligible. However, the translator and phase detector incorporate narrow

bandwidth filters for noise reduction. Large phase errors would result if some means

for linearizing the phase versus frequency response of the system were not incorporated.

A novel form of translation to the 500-Hz final frequency is used to effect the linearizing

process. An equal number of up and down conversions are used with the goal of equating

the sum and difference phase delays.

The residual delay is analyzed by the system response to a phase step function.

The resultant rise time of 15 msec for the translator and 14 msec for the phase detector,

result in an overall rise time of 21 msec. This rise time equates to a frequency response

of 17 Hz. For a vehicle traveling at the rate of 1000 m/sec radial velocity, this repre-

sents an error in phase of 1.8 ° or a further error in range of 7.5 m. For the case of the

accelerating rocket exhibiting a 50g or 500 m/sec2 acceleration, this bandwidth repre-

sents a cumulative error of 3.8 m/sec2 during the acceleration time.

The servo system has an adjustable bandwidth up to 10 Hz. Since high acceleration

occurs during the launch period at high signal conditions this widest bandwidth is used.

The analog record serves to correct high acceleration data when required.

The analog readout device, a Brush MK 280 recorder, has a bandwidth in excess of

60 Hz and, thus, introduces negligible degradation during high dynamic conditions.

In problem area (4), short term statistical variations in tone frequency appear as

noise. In general, these are small and are minimized along with system statistical noise

by virtue of the very narrow system bandwidth. Any residual can be smoothed in the data

reduction process.

The short term drift or an unknown frequency offset can contribute materially to
error.

Previously, it was shown that

C

47r fI
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the error in R as a function of a changein fI is shownas follows:

where ,x_b is a measured value and known; therefore,

5f I
5R = -R D

fI

5Aq5 = 0 and

This shows that the error is cumulative with range and that the percentage error in range

is directly proportional to the percentage error in frequency. The error in measured

range incurred by a frequency offset of 1 cycle in the precision range tone at a range of

100 km would be

5R = 105 meters × 1 Hz = 1 meter

105 Hz

Although the tone range system commonly uses an extremely stable, oven-

controlled source frequency, very adequate operation can be achieved from a common

crystal controlled oscillator.

In problem area (5), the dominant contributions to phase error due to variation in

signal level are changes in dynamic loading of tuned circuits as a result of AGC action,

variation of conduction angle in mixer circuits, and changes in bias level of ac coupled

video circuitry resulting from "Grid Leak" biasing.

Since the tone range system uses standard commercially developed components for

the airborne receiver and transmitter plus the ground telemetry receiver, successful

operation has been achieved through recognition of the problem accompanied by procure-

ment specifications outlining the maximum acceptable phase deviation over signal dynamic

range at a specified carrier deviation. The airborne FM receiver does not use AGC and

exhibits extremely good phase stability.

Some insight has been achieved in this area as a result of similar problems

encountered in the Radint Interferometer system. AGC variations can be minimized by

buffering with follower circuits between a tuned load and the following AGC'd stage. Low

Q and broadly tuned loads are used in RF mixer stages.
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In the tone translator, filtering, followed by low level limiting andadditional fil-
tering, minimizes phasevariations resulting from video level change. The use of FM
also serves to keepvideo level constant. Prior to the limiting stage, ac coupledsignal
processing must be linear class A. Prior to limiting, the video must be referenced to
commonanddirect coupledinto the limiter stages. After limiting, the signal is constant,
and constantac coupling will not introduce unknownerror.

Closed loop system tests showthesevariations to be less than2.2°, which is equiv-
alent to 8 meters for a carrier signal dynamic range of 66dB, and 2.2°, which is equiv-
alent to 8 meters for a video dynamic level changeof 20dB.

Problem area (6) is in someways tied to dynamic level errors in that a constant
cross-coupled componentpresents a problem only prior to limiting. After limiting, the
cross-coupled componentintroduces a fixed phasecomponentwhich canbe eliminated.
Prior to limiting, the relative resulting phaseshift will bea function of the amplitude of
the reference tone relative to the cross-coupled component.

The amountof phaseoffset introduced by cross coupling canbe deducedfrom
sketch (c). In this diagram the worst case situation of orthogonality betweenthe unde-
sired componentandthe desired componentis used.

Occ = 90 °

Acc
1 ___'__ i A_ = 0

L.1-'_ ] VE_ ._,

AA_

Sketch (c)

where

range phase difference

range phase amplitude

intermodulation or cross-coupled component phase relative to A¢

Acc coupled phase amplitude

0E resulting phase error, tan-1 Acc
AAq5

The following table depicts the range error as a function of relative levels for sig-

nal and undesired component:
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INTERMODULATIONANDCROSS-COUPLINGRANGEERROR

Acc dB
A_q_

-10

-20

-30

-40

-50

OE, deg

17.55

5.72

1.80

.57

.003

Error, meters, for -

Fine tone Coarse tone

100 kHz 2 kHz 4.5 kHz

73.0

23.8

7.5

2.37

.012

3654

1191

375

119

6

1614

526

166

52

3

The results from this table were derived from the following equations.

previously

As derived

and the resultant range error is

c OE deg 2_ rad

(6R)cc = 4-n fI x 360 deg

0E
=----q--- 0E = 4.1639 x 105 --

720 fI fI

Telemetry transmitter intermodulation greater than I percent (40-dB voltage) on

any IRIG channel is not acceptable for operational use. This criterionis quite sufficient

for the tone range introducing a maximum error >3 meters. The intermodulation per-

centage is, in general, less than that observed on nearby telemetry channels because of

the narrower bandwidth of the tone processor. Intermodulation from data channels is, in

general, random in nature and any residual can be removed by the data smoothing

processes.

The finalitem, signal to noise, represents a purely statisticaldistributionof data

points centered about the measurement value. The use of narrow band filtersin the

translator,allows the tracking system to exhibitsignal-to-noise characteristics exceeding

or identicalto those exhibitedby the experiment data channels without allotinga large

share of the totaltelemetry transmitter deviation,generally i0 to 20 percent of the total

125-kHz deviation. Under average flightconditions,with the exception of rollinduced

dropouts, output signal-to-noise conditions are ->40dB. This represents a +1.5 meters
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spreadwhich canbe reduced to virtually nothingby least squares smoothing. The num-
ber of datumsamples required to effect adequateaccuracy is, of course, an inverse func-
tion of the signal-to-noise ratio with the poorest fit occurring during periods of high
acceleration. Poor signal-to-noise ratio will, under normal conditions, occur just past
apogeeand just prior to impact. Fortunately, these are positions of the lowest radial
acceleration andthus, materially compensatefor any required increase in data smoothing
datumpoints.

In summary, the errors involved are as tabulatedin table 1. In the data reduction
process, reiterative solutions may be made,incorporating the velocity andacceleration
values derived from initial datasolution. Tables 2 and 3 indicate the amountof delay
error that canbe expectedin normal flight conditions. Rangedata from NASAFlight
14.386GM, a Nike-Apachewasprocessed for velocity and acceleration versus time. The
total delay errors were computedunder the extreme dynamic conditions shownin table 2
and during a period of general scientific interest, just after apogee,the delay shownin
table 2 at t= 32sec decays to 0at t=205sec.

Precision and ambiguity.- The precision of a tone range system is a direct function

of the highest frequency (Fine) tone. In the previous discussion on accuracy, the frequency

of operation has very little impact on the system accuracy, thus, indications are that the

Fine Tone may be increased ad infinitum to provide greater and greater precision. There

is, of course, the signal-to-noise - bandwidth phase leg trade-off that would indicate an

upper limit to the obtainable precision under dynamic conditions. However, these were

not the limiting parameters in selection of the Fine ranging tone. Since the requirement

for the Tone Range system was based on the need for a redundant means of tracking using

the existing FM/FM IRIG telemetry format, the selection of the Fine Range Tone was

based on the following considerations"

1. Minimum impact on the telemetry subcarrier format

2. Minimum requirement on telemetry carrier power

3. Use with existing telemetry ground station and airborne equipment (some having

bandwidths limited to 100 kHz)

In analyzing the IRIG subcarrier assignments, the notable open frequency slots

during the period of initial design were

VCO spectrum Usable tone Range ambiguity

Below 370 Hz

1 828 to 2 127Hz

4 193 to 4 995Hz

15 588 to 18 700 Hz

Above 80.5 kHz

None

2 kHz

4.5 kHz

15.8 kHz

I00 kHz

None

75 km

3_ km

9.5 km

1.5km
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Rather than take up the spaceoccupied by a data channel, the first system built was

designed for a 100-kHz Fine Range Tone and 2 kHz as a Coarse Range ambiguity removing

tone. The 75-km ambiguity, although not fulfilling the requirement for range greater than

that expected for the vehicle, was sufficient to define position when coordinated with the

time into flight and expected vehicle performance. The 2-percent resolution required to

remove ambiguity has proved sufficient, although a bit too close to the limit of capabilities
/ t

under poor signal conditions. The second system built uses a 4.5-kHz [333 kln) ambiguity

removal tone for greater resolution and proves to be a good compromise between resolu-

tion under poor signal conditions and selection of an optimal range-length segment for an

under- or over-performing vehicle.

With the advent of data channels F, G, and H (upper frequency limit), the

100-kHz tone occupies a position in channel F, just the situation the earlier designs

attempted to avoid. The top frequency in this new group is 190 kHz. Future systems

will undoubtedly have a choice of 100 kHz or 200 kI-Iz as a Fine tone, although, since

future systems must also be capable of working with a PCM-FM telemetry system now

being developed, some other frequency may be selected as standard.

The precision of this system at favorable signal to noise and under zero or low

dynamic conditions is limited by the resolution of the readout devices. It is a variable

under dynamic conditions, being dependent on the amount of improvement made by the

reiterative solution process. This has yet to be experimentally determined. However,

dynamic errors should be capable of complete elimination since system response under

dynamic change is known.

Resolution.- Two readout devices are used to display the range versus time: Brush

MK 280 recorder and servo digital readout.

The analog readout device is an 80-mm galvo record subdivided into 50 equal divi-

sions. This record can easily be read to location in 1/3 of a small division or +5 meters.

The digital readout device is primarily intended for fast computer reduction and is

limited in decade capability. It was elected to give this readout an extensive range cap-

ability to cover vehicles like the Astrobee 1500 and Javelin rather than greater resolution.

The least significant bit represents a change in range of 10 meters.

To summarize, system precision in range equals system resolution; both are analog

+5 meters and digital +5 meters.

Interferometer Accuracy

From the foregoing system descriptions, one can perceive that the Interferometer

suffers identical types of system limitations as those encountered by the Tone Range/TM

Interferometer system, inasmuch as the signal processing, measurement technique and

display are identical in nature. In fact, since the Radint Interferometer technique had
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proven to be very successful at the time of tone range developmentandthe range-phase
measurementwas recognizedto be an identical problem, the Interferometer technique
served as a designmodel for the range processor.

In addition to the system processing errors (thosewhich are covered in the section
on tone range accuracy), geometric variations play a dominant role in overall interfer-
ometer measurementaccuracy. A list of these geometric variations would include such
items as

Axis orthogonality andtilt
Axial alinement with respect to geodetic coordinates
Antennaspacing
Antennaelement alinement andtilt
Antennaheight
Antennacircularity
Antennacross coupling

Extreme care is taken in the initial layout and installation of the interferometer
quadrangle. Geodeticalinement is achievedthrough observation of the ascensionof
Polaris (or some other celestial object, if not in the northern hemisphere) andtranslating
by a theodolite to true north. Uponestablishing the north-south baseleg, the utmost in
surveying accuracy is usedto establish the other parameters. Whencompleted, the
interferometer is essentially '_ore sighted" to local zenith. Whenthe antennasare tied
into the remainder of the system, extreme care is taken in establishing equal electrical
phasingfrom the antennathrough the point of reference phaseinjection.

For an insight on the procedures usedin establishing the interferometer consult
reference 5. Preliminary results of anaccuracy analysis conductedby JamesBass!er
of the NewMexico StateUniversity are presented in table 4. These represent computed
standard deviations in position basedon range data from a nominal Apache. In this com-
putation of standarddeviations, the rangevalues were considerederrorless.

Interferometer Precision, Resolution, andAmbiguity

By referring to the "Philosophy of Angle Measurement" section, it canbe foundthat
the spaceangle's O relationship to electrical phaseangle _b was

cos 0
2_rN

where N is the number of wavelengths encompassed by the interferometer base length.

As N increases, the precision in cosine O also increases; however, survey

tolerance buildups and detrimental environment effects impose a definite limit on the base
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length. Sixteenwavelengths for the Radint frequency of 73.6 MHz is near the optimum

configuration. Due to its higher operating frequency, the Telemetry Interferometer could

conceivably be longer and therefore more precise. However at the present time the two

systems are tied to each other for convenience and economy. The precision of the

interferometer system is tied to its output resolution, this resolution in direction cosine

is analog +5 x 10-5 and digital +5 x 10 -5. However, interferometer geometry affects

this granularity. Earlier, the relationship of the direction cosine to electrical angle was

derived as cos 0 = _ Differentiating 0 with respect to _ one obtains
2_N'

When (1 - q_2)-1/2 is expanded,

= _2
(1 - q_2)-1/2 1 + -_- 3 _b4 + 15 ¢6 ++g '''

is obtained. For q5 = 0 o, source at zenith, the granularity in 0 is equal to the granu-

larity in _b. For _ = 2_N, source at horizon, the granularity in 0 = _. Table 5 gives

the computed space angle granularity for several positions of sounding rocket interest.

Lobe ambiguities are depicted in figure 10 with their related data tabulated in table 6.

Table 7 summarizes the precision of the Tone Range/TM Interferometer system in com-

parison with other tracking systems.

OPERATIONAL RESULTS

The Tone Ranging/TM Interferometer system has been in semi-operational status

since 1967. During this period, the system has been used to track and produce trajecto-

ries for 22 sounding rockets. Fourteen of these rockets were parachute-recoverable

payloads. The impact point was calculated for all 14 payloads within 15 minutes of

impact. The recovery crews, using the Tone Ranging impact point, recovered the major-

ity of these payloads within 24 hours. Prior to 1967, payload recovery took several

months, and one payload was never located.

In an effort to determine the accuracy of this developmental system, comparisons

have been made with two other types of tracking systems, radar and Radint. The first

comparison shown in table 8 was for Nike-Cajun 10.161 GM launched at Wallops Island in

May 1967. The comparison shown is the Wallops Island FPS-16 versus the Tone

Range/TM Interferometer system. The table shows a typical altitude comparison every

10 seconds for the first 150 seconds of flight.
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The secondcomparison shownin table 9 was for Nike-Apache 14.333UM launched
in Puerto Rico in March 1968. This comparison is of the ToneRange/TM Interferometer
system and Radint. The table showsa typical comparison every 10secondsfor the first
160seconds.

It is difficult to obtain the absoluteaccuracy of any tracking system. Whenmaking
comparisons, the accuracy of the system beingused as a standard is always questionable.
The systems which were used as a standardfor the tone ranging comparisons are accepted
by most experts as beingquite accurate tracking systems. These comparisons between
radar, Radint, andthe ToneRange/TM Interferometer system are very promising and
showthat the ToneRangesystem is capableof providing anaccurate trajectory with an
averagedifference, from the standards used,of plus and minus 30 meters.

CONCLUDING REMARKS

The Tone Range/TM Interferometer system has supported 22 firings and is regarded

as prime tracking in support of the Dudley Observatory recoverable payloads at White

Sands Missile Range. Although the above situation exists, at the present time, the system

is regarded as still being in the prototype development stage.

Results from analysis point out areas for improvement and the overall question of

point-of-phase comparison has not had sufficient analysis to unquestionably settle on the

translation technique.

Recently, a version of Tone Range, called the Wee Track, has been under evaluation.

This system makes direct phase measurement at the 100-kHz level and at present does

not incorporate ambiguity removal. Laboratory tests of this system are promising.

There are also plans for an early test of a single path system using a highly stable

1 x 10 -8 oscillator in the vehicle. It is anticipated that the combination of these latter

two experimental devices will provide very economical redundant tracking of any vehicle

launched with a telemetry transmitter.

With the advent of S-band operation, the interferometer may evolve into a wide beam

X-Y mounted tracking antenna from which coarse angles are derived from the shaft posi-

tion and corrected from the interferometer phase. This type of operation may be required

since higher gain antennas must be used. However, this mode of operation would eliminate

the high slew rates required of radar mounts.

Taking note of the desirability of immediate post-flight X-Y-Z position plots, the

Sounding Rocket Instrumentation Section is developing an analog computer to provide this

capability.
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Another development in progress is direct digital conversion circuitry. It is

anticipated that this will eliminate some dynamic errors presently found in the servo-

system and as a side benefit materially reduce the cost. This method, if successful,

will be applied to the interferometer digitization, providing the same benefits.

As it is presently comprised, the system may be installed and operating in the field

at costs of from $90 000 to $220 000. The difference in costs relates primarily to

whether or not digital capability is included.
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TABLE 1.- SUMMARY OF ERROR CONTRIBUTIONS TO TONE RANGING

Source

Dynamic level

Frequency stability offset

Cross-coupling intermodulation

Propagation delay

Equipment propagation delay

Differential phase delay:

Velocity

Acceleration

Effect

12.5 meters

Negligible

3 meters

(R/3) x 10 -8 meter per m/sec

10-3meter per m/sec

75 × 10-3meter per m/sec

7.6 x 10-3m/sec per m/sec 2

Comments

Can be calibrated out from

correlation with AGC

record

Frequency source used is

stable 5 parts in 1010

per day

40odB separation in level

for both cases

Can be all but eliminated

by reiterative solutions

Can be all but eliminated

by reiterative solutions

Can be all but eliminated

by reiterative solutions

Can be all but eliminated

by reiterative solutions
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TABLE 2.- CALCULATED COMBINED RANGE DELAY ERRORS,

BOOST AND SUSTAINER PERIODS FOR 14.386 GM

Time,
sac

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Range,
km

1.085

1.100

1.238

1.704

2.500

3.313

4.089

4.822

5.512

6.165

6.784

7.373

7.936

8.475

8.991

9.489

9.965

10.4

10.9

11.3

11.7

12.1

12.5

12.9

13.5

14.2

15.2

16.3

17.8

19.5

21.2

22.8

24.5

Radial

velocity,
m/sea

0

76.7

302

631

805

795

755

712

672

636

604

576

551

527

507

487

467

451

434

417

405

396

394

489

662

852

1071

1334

1577

1670

1654

1631

1610

Radial
acceleration,

m/sac2

0

123.5

327

332

17.8

-37.8

-43.0

-43.0

-36.6

-34.5

-29.3

-26.0

-25.0

-21.7

-19.2

-21.66

-19.4

-16.2

-17.7

-15.3

-8.9

-26.8

23.5

166.5

178.7

201.3

237.3

288.5

197.0

-9.76

-23.2

-22.0

-19.52

Combined position
delay errors,

meters

0

-1.58

-5.95

-11.2

-12.8

-12.5

-11.8

-11.1

-10.5

-i0.0

-9.5

-9.1

-8.7

-8.3

-8.0

-7.6

-7.3

-7.1

-6.8

-6.6

-6.4

-6.1

-6.3

-8.4

-11.2

-14.33

-18.0

-22.5

-26.1

-26.9

-26.6

-26.2

-25.9
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TABLE 3.- CALCULATED COMBINEDDELAY ERRORSFOR

PERIODNEARAPOGEE14.386GM

Time,
see

205

206

207

2O8

209

210

211

212

213

214

215

216

217

218

219

22O

221

222

223

224

Range,
km

156.4

156.4

156.4

156.4

156.3

156.3

156.3

156.2

156.1

156.1

156

155.9

155.8

155.7

155.6

155.5

155.3

155.2

155.0

154.9

Radial
velocity,

m/see

-3.5

-11.9

-20.1

-28.4

-36.6

-44.5

-52.6

-60.7

-68.6

-76.4

-84.2

-92.3

-100.5

-109

-117

-124

-133

-141

-148

-156

Radial
acceleration,

m/see 2

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

-8

Combined position
delay errors,

meters

0

.25

.39

.54

.68

.82

.97

i.II

1.25

1.39

1.52

1.67

1.81

1.96

2.10

2.24

2.38

2.52

2.66

2.80
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TABLE 4.- STANDARDDEVIATION IN X, Y, AND Z COORDINATES WITH RANGE

MEASUREMENT ASSUMED PERFECT. (DATA ARE PRELIMINARY RESULTS

FROM A RADINT-INTERFEROMETER-ACCURACY SURVEY MADE WITH

FLIGHT MODEL NIKE-APACHE 14.386 GM)

Flight
time,
sec

15

30

50

I00

150

200

250

300

350

Elevation
angle,

deg

77

79

79

77

75

71

64

51

21

Slant

range,
km

_Z'

meters

10.5

21.2

51.1

109

144

157

149

124

98

0.7

2.1

4.3

8.2

9.4

13.7

19.8

36

233

_x = ay,
meters

2.9

10.0

21.4

36.2

39.7

39.7

40.8

44

110

TABLE 5.- COMPARATIVE DIRECTION COSINE PRECISION GRANULARITY FOR

TM INTERFEROMETER, FPS-16 AND FPQ-6 RADARS

Az,

deg

0
0
0
0

30
30
30
30

60
60
60
60

90
90
90
90

El,
deg

30 5
5O 5
70 5
90 5

30 5
5O 5
70 5
90 5

30 5
50 5
70 5
90 5

30 5
50 5
7O 5
90 5

Least significant value (parts

Radint

X Y Z

5 9
5 4
5 2
5 0

5 12
5 6
5 2
5 4

5 12

FPS- 16

X Y Z

8 5 8
6 7 6
3 9 3
0 I0 0

I0 8 8
9 i0 6
7 i0 3
5 8 0

8 i0 8

per 105)

FPQ-6

X Y Z

i0
i0
8

5
7
9

i0

4
3
2
0

5
5
4
2

4
9 6 5
7 3 5
5 0 4

8 8 2
6 6 4
3 3 5
0 0 5

2 4
4 3
5 2
5 0

4 4
5 3
5 2
4 0

5 4
5 3
4 2
2 0

4 4
3 3
2 2
0 0
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TABLE 6,- DIRECTIONCOSINESAND SPACEANGLESFOR

HALF OF A 16-_ INTERFEROMETER

Lobe

16

15

14

13

12

11

10

9

8

cos 0

0.99909

.93664

.87420

.81176

.74932

.68687

.62443

.56199

.49954

Angle from horizon,
0

Lobe cos 0 Angle from horizon,
0

2027 ' 7

20030 ' 6

29 ° 3' 5

35°44 ' 4

41028 ' 3

46037 ' 2

51°22 ' 1

55o48 ' 0

60 ° 2'

0.43710

.37466

.31222

.24977

.18733

.12489

.06246

0

64° 5'

68° 0'

71048 '

75032 '

79012 '

82050 '

86025 '

90° 0'

TABLE 7.- RELATIVE DESIGN PRECISIONS FOR SEVERAL TRACKINO SYSTEMS

TRACKINGMETHOD

GENERAL

DOPPLER

INTERFEROMETER
SYSTEMS

RADAR

SPECIFIC

RADINT

TONERANGE-T.M.
INTERFEROMETER

AN/MPS -19

AN/FPS -16

AN/FPQ-11

SPANDAR

AN/FPQ-6

DESIGN PRECISION

RANGE AZIMUTH & ELEVATION

_+1 METER + .0029 DEGREES

_+5 METERS(RESOLUTION
- .0029 DEGREESAVERAGE

LIMITED CASE)

+-25 YDS=+_22.8 METERS -+1MIL=+.056 DEGREES

-+ 5YDS =t-4.58 METERS --+1MIL =+.056 DEGREES

-" 25 YDS=+22.8 METERS _+0.5 MIL=+.028 DEGREES

+_.25YDS=-I-22.8 METERS +_1 MIL = _.+.056 DEGREES

+-5 YDS=_+4.58 METERS ± 0.05 MIL = + .0028 DEGREES
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TABLE 8.- COMPARISON OF TONE

RANGE AND FPS-16 TRACKING

SYSTEMS

TABLE 9.- COMPARISON OF TONE

RANGE AND RADINT TRACKING

SYSTEMS

Time,
t, sec

10

2O

3O

4O

5O

60

70

80

9O

100

110

120

13o

140

150

Tone Range - FPS-16, Altitude,
aZ, meters Z, meters

-17.1

-36.6

-38.4

-36.6

-35.3

-35.3

-37.5

-39.6

-40.5

11.3

10.6

-33.5

-39.5

-26.2

-35.8

5 720

12 140

22 620

31 956

41 983

47 013

53 251

58 364

62 650

65 720

68 250

69 495

69 750

69 400

67 600

Time,
t,sec

I0 3.9

20 4.2

30 19.2

40 -4.2

50 -6.1

60 -3.0

70 -8.5

80 -18.5

90 -21.5

i00 -25.3

II0 -34.8

120 -40.5

130 -46.0

140 -51.5

150 -44.2

160 -33.5

Tone Range - Radint, Altitude,
_Z, meters Z, meters

6 678

11 414

21 756

37 078

51 lq0

64 250

76 385

87 555

97 76q

107 027

115 34q

122 713

129 128

134 606

139 140

143 956
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Figure 1.- Interferometer geometry.

Figure 2.- Spacial distribution of interferometer lobes. (Lobes extend to infinity.)
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Figure 3.- Tone Range/Telemetry Interferometersystems.

Figure 4.- Segment of a typical range analog record.
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Figure 7.- lnterferometer system, simplifiedblock diagram.
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Figure 8.- Continuous analog output of interferometer phase detector.
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SOME PROPERTIES OF DATA FROM FALLING SPHERE SOUNDINGS

By R. S. Quiroz

Upper Air Branch, NMC, Weather Bureau, ESSA

SUMMARY

Proper use of reduced data from falling sphere soundings

requires a detailed knowledge of the many factors affecting their

accuracy. Criteria for judging the reliability of ROBIN sphere

data (wind and density) are reviewed, and the effect of the data

smoothing interval on the suppression of radar tracking error and

the retention of real atmospheric detail is briefly considered.

The height range of valid temperatures is described in relation to

the prevailing pressure scale height and the climatological temper-

ature regime. ROBIN soundings considered valid by stated criteria

are presented which illustrate their fidelity to large-scale atmo-

spheric variations. Also shown are rare examples of soundings

satisfying the above criteria which indicated physically improbable

variations. Special data comparisons include Arcasonde and ROBIN

temperatures from Ascension Island, which indicate fair agreement

near the stratopause; and densities based on thermistor and sphere

data. The latter reveal a systematic difference of about 8%; var-

ious explanations are considered, but none is found to account for

the full difference. The article concludes with a brief review of

past uses of sphere data, together with remarks on persisting pro-

blems relevant to all sphere measurements.

INTRODUCTION

Perhaps no method for sounding the upper atmosphere with roc-

kets has required so much study as the falling sphere technique.

Much of the commentary has concerned the ROBIN sphere (Engler,

ref. i; Luers, ref. 2), but some of the problems of interest apply

to other spheres as well (Jones and Peterson, ref. 3; Salah, ref. 4;

Faucher et al., ref. 5; Peterson, ref. 6; Champion and Faire, ref. 7).

Nearly 700 ROBIN soundings have been obtained, including a research

series of 188 observations in 1960-62 (Lenhard and Kantor, ref. 9)

and shorter research series in 1965 and 1966. More than i00 sound-

ings have been taken with other spheres, and these have a propor-

tionally greater value because of the higher altitudes reached.

Densities from ROBIN soundings have been obtained generally in the

height range 40-70 km, and winds to lower altitudes. Modifications

required in the 1965 data reduction program in order to achieve

ROBIN measurements above 70 km have been described by Engler (ref.8)
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and Luers (ref. 2). Figure 1 indicates in greater detail, accord-

ing to the author's count, the quantity of data obtained.

This discussion of the data is from the standpoint of the user.

In order to ascertain the usability of sphere data in such tasks

as the construction of synoptic maps or the analysis of small scales

of motion, some review of the data accuracies is needed. It is

stressed that odd features encountered in various soundings have

been more a matter for explanation than alarm. A few soundings,

however, have nearly defied explanation. The discussion of accur-

acies will therefore be followed by examples of unusual soundings

which could be shown to be valid and some which remained suspect.

The latter are rare, but they have required special probing by the

user in order to judge their acceptability.

THE VALIDITY OF ROBIN WINDS AND DENSITIES

Our experience with ROBIN data indicates that with rare

exceptions, the winds and densities are broadly representative of

the ambient conditions. The rare exceptions might include condi-

tions of very large vertical motions (neglected in the drag equa-

tion for density), or appreciable error in the drag coefficient,

or unusual balloon behavior perhaps undetected by Engler's Lambda

check (see below) (Jones and Peterson, ref. 3). With regard to

small-scale variations of the wind and density, the fidelity of

representation must depend greatly (as with any observational

method) on the smoothing performed on the original data points.

Criteria for Acceptability

All soundings considered in this article meet the stated

criteria for valid data (Engler, ref. i). These are, as we have

understood them:

(I) Densities are within the stated accuracies, to be cited

below, for that portion of a sounding satisfying the Lambda check.

(Mathematical symbols are listed in the appendix.) Lambda is a

measure of the vertical density gradient (l=p-ldP/dz_ and the
check assumes that reliable densities are obtained i_' Lambda, in

practice approximated from the vertical acceleration data, falls

within a defined neighborhood of the standard atmosphere value.

Any unusual perturbation in the vertical sphere motion is assumed

to be due probably to collapse or drastic change in shape of the

balloon or perhaps to some unusual aerodynamic behavior. With

non-spherical balloons, the C n and cross-sectional area would not

be known and the density coul_ not be ascertained.

(2) When the Lambda check indicates collapse below 50 km,
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the densities are considered highly reliable. However, if the

Lambda check fails above 50 km, the density data are considered

unreliable, in accordance with the inference that the balloon was

never fully inflated (Lenhard and Kan£or, ref. 9).

(3) Winds are considered broadly reliable at all times after
e0 --2the balloon has accelerated to values of z greater than -3 m sec .

For a non-rigid balloon, however, the response to the wind is not

presently ascertainable from theory (ref. 9), and different error

estimates apply (see below).

(4) Temperatures are considered broadly reliable at two

scale-heights or roughly 15 km, below the starting altitude (see

special section on temperature, below).

Smoothing Interval

The ROBIN data in the University of Dayton printout are given

for every second above 50 km and for every 2 seconds below 50 km,

but what do _hese represent? Starting from 0.l-sec. radar posi-

tional data, 5 values are averaged to get 0.5-sec. positions. Next,

31 of the 0.5-sec. positions are fitted by one-degree polynomial

least squares to give 15-sec. values for velocity (from the slope

of the curve). The velocities are recomputed at one-second intervals

above 50 and 2-second intervals below 50 km, by dropping and adding
data points at top and bottom; and then accelerations are determined

by least squares fit to 7 of the velocities. This results in ac-

celerations valid for 22-sec. intervals above 50 km and 28-second

intervals below 50 km. For densities, which are proportional to

the accelerations, the same time intervals apply. To make this

review as self-contained as possible, £he pertinent equations for

solving for the wind and thermodynamic data have been stated in an

appendix.

Thus the velocities are effectively determined over a time

interval of i/4-minute and the accelerations and densities over

nearly i/2-minute. For typical fall rates of the ROBIN one-meter

balloon, a time interval of i/4-minute corresponds to a descent of

2-4 km above 60 km and less than a kilometer below about 50 km.

Engler (ref. i) indicates that the horizontal distance of the

balloons had oscillations of period exceeding i/4-minute, which he

regarded as real. His analysis of the effect of varying the number

of i/2-second radar positions used for the basic smoothing inter-

val shows that differences up to several m sec -I are possible in

the amplitude of the oscillations, according to the data fit used

(Fig. 2). More recently, Boer and Mahoney (ref. i0) have analyzed

a research series of ROBIN soundings for March 6, 1965 (White Sands),

smoothing over a constant-height interval rather than a constant-

time interval. Various thicknesses were tried, from I00 to 500

meters; these are substantially narrower layers than the effective

smoothing interval at the higher altitudes of Engler's data. For
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these layers, Boer and Mahoney found that if the acceleration term,

{_/(_-g), was included in the wind computations, the correlation

between wind profiles based on data from two radars (FPS-16) track-

ing the same balloon was greatly reduced.

The reduction in one sounding (No. 933, 1500 MST) was so dra-

matic that it occurred to us to correlate the wind profiles based

on the Engler data, which also include the acceleration or "response"

correction, but involve a smoothing interval of 22 sec. For the

actual fall rates of this sounding, this amounts to a layer thick-

ness ranging from 1.8 km to 3.4 km at 60 km. Figure 3 shows the

wind profiles(u component), which are indeed in very close agree-

ment. The correlation between them, on removal of the basic trend,
is 0.93 _ in contrast to an extremely low correlation, 0.09, cal-

culated by Boer and Mahoney.

Thus, insofar as it rises above the radar noise level, Engler's

smoothing appears more realistic. At altitudes of 45-60 km,

Lettau (ref. Ii) appears to have made effective use of the White

Sands Engler-reduced data in tracking small-scale structure which

he interprets as evidence of internal gravity waves. At high

altitudes Engler's smoothing interval, however, becomes quite gross

(effectively, 4-5 km above 70 km), and consideration should be

given to a shorter time interval which would exclude tracking error

and yet permit the resolution of small-scale wave structure. Not

only would the time interval be critical, but the choice of poly-

nomial fitted to the high-altitude data, whether cubic or linear,

for example (Luers, ref. 2), would also be important. Indeed, it

appears that various tradeoffs would be necessary to minimize the

error in both wind and density, while suppressing radar error.

Mention should be made of small-scale oscillations in the

ROBIN density profiles. Unfortunately, there were very few valid

thermodynamic data from the White Sands series. Figure 4 is a

plot of the two profiles based on radar tracking of the same

balloon (sounding no. 933). The curves are in excellent agreement.
The indicated oscillations in both curves are of small amplitude,

making a more detailed comparison difficult, but the oscillations

are clearly in phase and with scarcely detectable divergence. Like

the wind profiles, these data indicate that for the smoothing

interval used by Engler, there is no apparent distortion from

radar error.

iCorrelation is meaningful in first decimal digit only, owing

to subjectivity in determining the trend and choice of sampling

frequency in the profiles.
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Accuracy Estimates

Finally, we need to have in mind the overall error estimates

in the ROBIN data, as given by Engler (ref. i). These are, for an

FPS-16 or similar radar and the curve-fit (31-7) commonly used:

TABLE I. ROBIN error estimates a

RMS Error

Above 60 km 50-60 Below 50

WIND Rigid balloon 6 knots 2.5

Non-rigid 10 7

DENSITY Rigid balloon 3.5% 3%

PRESSURE Rigid balloon 3% 3%

TEMPERATURE Rigid balloon 10% 3% b

1

5

3.5%

2.5%

4% b

TEMPERATURES FROM SPHERE SOUNDINGS IN GENERAL

The temperature error requires special discussion. As is

well known, a relationship based on the hydrostatic equation is

used for deriving the temperature when no thermodynamic data other

than a density profile are available (eq. 3, Appendix). An initial

guess of the temperature T , is required at the starting altitude,

i.e. the top altitude with°density data. The error in temperature

is thus a function of two factors, (i) the departure of the initial

temperature from the true temperature, and (2) the error in the

density throughout the layer of integration.

For an error-free density profile, it is evident that nearly

ambient temperatures are not achieved until the ratio Pn/P be-

comes negligibly small. This happens typically at an altitude

roughly two scale heights, or about 16 km, below the starting

altitude. The reduction of the ratio P_o/pr with increasing
height separation is shown in Table II. example, for a height

separation of 2 scale heights p_/p = 0.135, and the temperature
error ranges from 0.5 to 3% depending on the error in the temper-

ature guess at the starting altitude. The temperature error itself

a

Based on Table I (ref. i).

b

See discussion of temperature error in following section.
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was obtained by evaluating the term,

fied with the potential error in T

ical regime, o

I P____JA" T, where A T is identi-
r- --

(eq. 3) for a given climatolog-

If a certain level of temperature accuracy is desired, say

2.5%, it is thus not generally possible to estimate the first

altitude of "good" data without some preconceived idea of the tem-

perature variability at the station of interest. In low latitudes,

we know from rocket grenade observations, for example, that if the

temperature in the U.S. Standard Atmosphere Supplements, 1966

(ref. 12), is used for T , the true temperature will not likely

differ by more than 200. ° Thus, from Table III it can be seen that

nearly ambient temperature would be achieved at a height separation

of about i0 km. In high latitudes in winter, however, the tempera-

ture variability is typically much greater, and it is doubtful that

ambient temperatureswill be sensed at separations less than 2 scale

heights. The summer mesopause is known to have very cold tempera-

tures associated with it, with the scale height possibly as low as

4-5 km, so that near 80 km real temperatures might be sensed in

relatively shbrt order.

The other error source for temperature is error in the densi-

ties themselves and it should be noted that it is the error over

the layer of integration that matters, not just the error at al-

titude (eq. 3, Appendix). According to Engler (ref. i) various

density error profiles are possible. However, it may not always

be possible to describe the height configuration of the density

error in individual profiles, so that in some cases the total

error in temperature may not be ascertainable. At the very least,

Table III clearly illustrates that the temperatures provided in the

first few kilometers below the first level of density data should

not be construed as real temperatures. At times the reported

temperatures may fortuitously come close to the real values, but

we know of no way to readily distinguish these cases. The practice

of publishing complete temperature profiles in the data books of

the Meteorological Rocket Network thus seems questionable, at

least without some qualification as to the validity of the data

at the topmost levels. Jones and Peterson (ref. 3), however,

consider publication justifiable on the grounds-that although the

absolute values of the temperature may be in error, "valid trends
can often be seen."

For the height range in which reasonably accurate temperatures

may be expected, comparison with data obtained by other techniques

is desirable. Since this topic was to be considered in depth by

other speakers, only a few remarks will be made here.

Jones and Peterson (ref. 3) have discussed the extent of

agreement of data obtained with the aid of the University of

Michigan 66-cm sphere, with grenade (layer-average) temperatures
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and with HASP rocketsonde data in August 1965, at Wallops Island.

Initially, the sphere and grenade measurements differed appreciably,

the sphere temperatures being warmer. Improvements in the micro-

phone array for the grenade measurements and in the sphere drag

coefficients resulted in better agreement. In a combined sounding

in which grenade and sphere measurements were separated at most by

i0 minutes, the temperatures were found to agree generally within

a few degrees. Oscillations in the sphere temperature curve were

not present in either the grenade data nor in the HASP rocketsonde
data at lower altitudes. Certain oscillations should, of course,

not be expected in the grenade temperatures, in view of the layer-

averaging; their absence in the HASP data, however, suggests that

the oscillatory part of the sphere data may be erroneous. Jones

and Peterson gave several possible explanations, namely, a poor

radar track, a deflated sphere, peculiar aerodynamics of the sphere,

or the effect of large vertical motions in the atmosphere. The

first two were not judged to be the cause in this case; there were

arguments against aerodynamic behavior as a cause; and the verti-

cal motion effect_could not be evaluated owing to a lack of suit-

able information. 2

In the case of temperatures from ROBIN soundings, S. Teweles

(private communication to N. Engler, Jan. 7, 1964) pointed to an

apparent discrepancy between ROBIN and grenade temperatures but

subsequently Engler determined that the ROBIN data used for compari-

son did not meet the criteria for acceptability (balloon collapse

above 50 km). Indeed, even now, there is no extensive set of

ROBIN and grenade data available, to our knowledge, obtained under

similar observing conditions, which would permit definitive com-

parison. The situation with respect to rocketsonde thermistor

data does not seem much better, since in the altitude region where

ROBIN temperatures should be most reliable, about 45-60 km (assum-

ing the thermodynamic data commence at _70 km), the thermistor

temperatures are subject to increasing error with height. The

results of comparisons of ROBIN and Arcasonde temperatures at

altitudes near 50 km will be presented in the next section.

2

The subject of vertical motions was to be considered by

another speaker; it is generally agreed that vertical motions are

important only if they are of the order of m sec -_. Although per-

haps rare, motions of this magnitude may be possible, above 30 km.

In the stratosphere vertical motions of cm or mm sec -I have been

generally found (Miller, ref. 13), but during a stratospheric

warming in 1966, upward motions as high as one-half meter sec -I

were estimated (Quiroz, ref. 14). Above the mesopause motions near

i0 m sec -I have been reported. Thus the effect of vertical motions

may be a difficult problem to evaluate until better statistical

knowledge of the motions is obtained.
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ILLUSTRATIVE DATA

Cape Kennedy, Dec. 7, 1964

A ROBIN sounding for Dec. 7, 1964 has been selected to illus-

trate the broad agreement of the ROBIN data with atmospheric measure-

ments by other methods (Fig. 5). On this date the zonal wind

indicated by the sphere increases at an extraordinary rate between

30 and 55 km; the local vertical shear near an altitude of 33 km

is about 20 m sec -I km -I, a value which may be considered statisti-

call[ rare. At 55 km the westerly wind component exceeds 100 m
sec-- and is three times as great as the tropospheric wind maximum

at the same station. So unusual a sounding might be questioned,

especially in view of the westerly firing angle (to the east) at

Cape Kennedy.

Later the same day, however, a wind profile based on the

tracking of a parachute indicated close agreement with the ROBIN

profile (the observed differences are probably due to real atmo-

spheric variation). Figure 6 shows the synoptic situation on

Dec. 9 (maps Were not analyzed for Dec. 7); a very strong jet is

found at the 0.4 mb level (about 55 km over Florida), with strong

winds observed as far west as Hawaii. At the 5-mb level (about

35 km), the winds are light over Florida and to the south, in

agreement with the data for Dec. 7.

The temperature and density profiles for this date are also

of some interest. In view of our earlier discussion, realistic

sphere temperatures would be expected at Kennedy some i0 km below

the starting altitude and indeed, good agreement with rocketsonde

thermistor temperatures can be seen just above 50 km. Near 55 km,

comparison is precluded by the likelihood of increasing error

with height in the thermistor measurements (Quiroz, ref. 15). The

reality of the temperature difference at 42-44 km would be difficult
to ascertain. It seems reasonable to conclude that reliable

temperatures are indicated by both methods of observation at least

in the height range 44 to 52 km. A statistical comparison of

sphere and thermistor temperatures will be described below.

The ROBIN densities are 7-10% lower than the Arcasonde

densities, for which the observation time is in mid day. Part of

this difference may be due to diurnal variability. The possibility

of a systematic bias will be explored below.

Ascension Island Temperature Comparison, March-June 1964-65

The period March-June 1964-65 was chosen for the comparison

of temperatures from Arcasonde thermistors (1965) and from ROBIN

sphere soundings (mainly 1964). The comparison was limited to

three altitudes, 46, 50, and 54 km, where data from both sources

should be considered reasonably reliable. The thermistor data have
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not been corrected for possible aerodynamic, radiational, and con-

duction heating errors, which have been estimated at about 2 de-

grees (total) at 46 km, increasing to about 5 degrees at 54 km

(Drews, ref. 16). The number of ROBIN soundings (18) is small, but

nevertheless represents one of the densest clusters of such sound-

ings available, save for the experimental series at Eglin AFB in
1960-62.

The observed temperatures are plotted in Figure 7 and relevant

statistics are given in Table III. Inspection of this table shows
that:

(i) Average temperatures from the two sources agree within

about three degrees if the thermistor data are un_
corrected.

(2) Sphere temperatures are warmer by a few degrees if

compared with corrected thermistor data.

(3) The dispersion of the sphere temperatures, as given by

the values of standard deviation, is greater than for

the thermistor temperatures. (No attempt was made to

smooth the oscillations present in the sphere data;

smoothing would have brought the standard deviations

into closer agreement.)

While the sample is probably too small to give stable statis-

tics, these data indicate that over a definable height range the

sphere average temperatures are at least realistic. Further com-

parison in a regime of greater variability (middle or high latitudes

in winter) is desirable. Moreover, the influence of oscillations

of large amplitude needs to be examined further.

An interesting feature in Figure 7 is the indication of a

diurnal temperature increase from 04-05 GMT to 16-18 GMT in three

pairs of observations. At 46 km, the two thermistor pairs on

May 23 and 26 indicate a diurnal range of about 10°C; this range

is also indicated by the pair of sphere observations on April 8,

which are not subject to any direct radiational error. At 50 km

a similar behavior is observed; part of the large temperature in-

crease in the sphere pair, however, may be due to non-diurnal effects

Enigma in Ascension Island Density, August 1964.

Figure 8 depicts the observed densities at Ascension Island

in 1964 at two altitudes, 46 and 60 km, based on ROBIN sphere

soundings, together with comparative data obtained by other methods.

The lower altitude was chosen because at this height the sample of

thermodynamic data from descending spheres was still appreciable

and would permit comparison with values derived from thermistor

measurements; as previously indicated, the error in the latter

has been considered small in the upper stratosphere.
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Figure 8 shows a number of interesting features, of which

the most striking is the unusual and highly improbable behavior in

mid-August. A density increase by 35% at 46 km and by 43% at 60 km

is indicated by the sphere data in a period of 31 hours. These

values greatly exceed the maximum density change in 24 or 48 hours

previously indicated from rocketsonde data, namely a change of 19%

occurring at a high-latitude station (Quiroz, Lambert, and Dutton,

ref. 17). Yet by the criteria for acceptability stated earlier,

the soundings in August must be considered reliable soundings.

It is noteworthy that the extraordinarily high density on August 17

was again observed two days later, and the low value of August 16

was similar to the value observed earlier on August 12. Corre-

spondence with the Air Force office responsible for the observation-

al program at Ascension Island did not reveal any irregularity in

data reduction. Subsequently, Engler (ref. i) applied his time-

of-fall test for suspect balloons and judged the soundings to be

valid. Thus, while the values observed on August 17 and 19 were

too extreme to inspire credibility, there seemed to be no way of

showing that the data were incorrect. In preparing this review,

it occurred to us to examine, insofar as possible, the internal

consistency of the thermodynamic data with the observed winds.

The temperature change from August 16 to ]7 amounted to only a few

degrees at 46 km. Thus a large pressure increase was associated

with the increase in density. Fortunately, pressure data were

also available for another rocket station, Antigua (17°N), on

August 17. A geostrophic computation, assuming a linear pressure

change between the two stations 3, indicates that if the pressures

and densities at Ascension are valid, the zonal wind at Ascension

should exceed 400 m sec -I The wind obtained from radar tracking

of the ROBIN sphere was at most 25 m sec -I in the vicinity of 46 k_.

We therefore conclude, on the basis of purely physical reasoning,

that the soundings of August 17 and 19 are invalid. Rocket grenade

observations were also taken on August 16 and 17, though the

results were not available until much later (Smith et al., ref.18).

These data, entered on Figure 8, are completely at variance with

the sphere results.

This case is but one, although possibly the most dramatic,

of several extraordinary sphere soundings encountered by the author,

and it emphasizes the need for careful scrutiny of all data by the

user. Indeed, all rocket soundings by whatever method require

careful review, since the many aspects of data reduction and

transcription may increase the possibility for error.

3

A non-linear pressure distribution would require an even

greater wind than that computed, at some point between the two sta-

tions.
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Densities from Sphere Soundings Compared with Other

Measurements

Another feature of interest in Figure 8 is an apparent dis-

crepancy in densities based on sphere soundings and on thermis-

tor measurements. Ascension Island offers a useful opportunity for

comparison because at the end of September 1964 the observational

program reverted from an exclusively sphere schedule to a predomi-

nantly Arcasonde schedule. Also available for comparison in 1964

are a few grenade and Pitot-static tube measurements at Ascension

and several University of Michigan sphere soundings at Kwajalein

(9°N, 168°W). From other years, tropical grenade soundings at

Natal, Brazil (6°S, 35°W) (1966-67) and Guam (14°N, 145°E) (Nov-

ember 1958) are also entered.

Two points are readily apparent:

(i) The sphere densities are, with rare exceptions, lower than

the mean based on thermistor densities; e.g. in September-December,

1964, the mean sphere density is nearly 10% less than the mean

based on thermistor measurements.

(2) A greater dispersion is indicated by the sphere measure-

ments.

At the upper altitude, the difference between sphere and ther-

mistor measurements is partly due to the error in the latter, which

increases strongly above 55 km, and no attempt has been made to

enter individual thermistor values for 60 km.

It is therefore meaningful to concentrate on the data for 46 km,

where the error in either set of data should be minimal. Various

possible explanations of the observed difference merit considerations,

such as unsuspected temperature error in the rocketsonde measure-

ments, error in the drag coefficient used for the sphere reduction,

etc.

The effect of a thermistor temperature error may be evaluated

with the aid of the integrated hydrostatic equation in the form _

P = PO To

4

In practice, pressures and densities based on rocketsonde

temperature are obtained through use of the approximation

p = p exp (-gAz/R _), but as has been shown by Ballard (ref. 19),
U

the departures from results based on the more exact Eq. (I) are

negligibly small.
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Introducing an error, AT, in temperature, held constant over the

layer of integration, the density at the upper altitude becomes

and the ratio of (2) to (i) is

(2)

R

(3)

For a temperature structure approximating the conditions at

Ascension Island 5 and for a hypothetical temperature bias, AT, in

the thermistor soundings, sustained over the 20-km layer from 26

to 46 km, the solution of Equation (3) yields a density error of

approximately +3% if AT = +3 ° , increasing to +8% if AT = +8°C.

(Over a 10-km layer from 36 to 46 km, a temperature error of 16 °

would be required to explain a discrepancy of 8% in the density at

46 km.) The rocketsonde temperatures are generally believed to be

quite accurate below about 50 km, although some disagreement with

radiosonde temperatures near 30 km has yet to be explained (Quiroz,

1969). Since an unreasonably large temperature error is required

to explain the density difference in Figure 8, it appears that we

must look to some other error source, or more likely, a combination
of sources.

According to Engler (ref. i) uncertainty in the drag coefficient

for ROBIN spheres is less than about 2% below 50 km, but improved

knowledge of this factor is needed. Luers(ref. 2) and Peterson

_ef. 6) have pointed to inconsistencies in the available drag tables

and have re-emphasized the need for improved data. An interesting

series of measurements with hypersonic rigid spheres (Kwajalein,

1965-1968) has been obtained under conditions for which a high

degree of confidence can be placed in the drag data used, according

to Salah (ref. 4, 21). Comparative ROBIN and hypersonic sphere

measurements, if feasible, might shed light on the drag data used

for the inflatable, subsonic spheres.

It is interesting to note in Figure 8 that measurements by the

grenade method tend to lie between the sphere and thermistor values.

Almost without exception, the grenade densities are lower than the

thermistor values. It is therefore our belief that the discrepancy

between the sphere and Arcasonde data must be due to error in both

methods of measurement.

5Supplemental Atmosphere data for 15°N were used.
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Diurnal series, Eglin AFB, May 9-10, 1961

Another example of unusual sphere data is found in the diurnal

series for May 9-10, 1961 (Figure 9). The 2000 GMT observation

indicates a density increase of nearly 30% from 1600 GMT. This

sounding and two soundings at 1015 and 1115 were not used by Cole

and Kantor (ref. 20) in their harmonic analysis for data at 60 km.

Summing the first two harmonics, Cole deduced a daily range of 12%

in the density. The inclusion of the three unused soundings, in

particular the data for 2000 GMT, would probably have had a strong

influence on the results. To the author's knowledge, these data

have not yet been shown to be invalid. Lenhard's (ref. 22) analysis

of the wind data for this observational series indicated a weakening

of the easterly flow in parallel with the afternoon rise in density,

suggesting a diurnal advective effect, but careful study would be

required to show a relationship.

USES OF SPHERE DATA AND FINAL REMARKS

Data from falling spheres have already proved useful in a

variety of ways, but their full potential has not been exploited.
They have already been used in:

(i) the construction of high-level synoptic maps.

(2) preliminary determinations of diurnal variability of

density and wind: in the lower mesosphere from ROBIN data, in the

stratosphere and mesosphere from Australian spheres (Rofe et al.

ref. 23), and in the quasi-isopycnic layer at about 90 km from

Michigan spheres (Jones and Peterson, ref. 3).

(3) exploratory studies of small-scale variability (Newell,

Mahoney, and Lenhard, ref. 24, Lettau, ref. ii; Mahoney and Boer,

ref. 25; Cole and Kantor ref. 26 and others).

(4) models of the density structure in the important region

90-120 km (U.S. Standard Atmosphere Supplements, 1966, ref. 12).

(5) climatological data processing (e.g., Brockman, ref. 27,
Salmela and Sissenwine, ref. 28).

With regard to (i), the synoptic analysis program of the

Upper Air Branch, National Meteorological Center, has resulted in

a continuing series of weekly constant-pressure charts at levels

centered at about 36, 42, and 55 km (5, 2, and 0.4 mb), beginning

in 1964. (Constant-level density charts have also been produced

though less frequently.) Because of the preponderance of rocket-

sonde data (Quiroz, ref. 15), the utilization ratio of sphere

data is small. The analysis technique requires wind and temperature

for input, and not surprisingly the temperatures from ROBIN spheres
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could be used only infrequently. This wasdue to (i) the typically

small height range of valid temperatures and (2) untenable depart-

ures from the otherwise smooth temperature fields depicted in the

analyses. These departures were at times associated with oscilla-

tory features in the sphere profiles and would have been minimized

if smooth profiles had been used. Nevertheless, the sphere data

have at times provided missing links in a rocket network of sparse

coverage, and they have a strong potential utility in future work,

particularly if the height range of valid data is extended.

One of the most promising uses of the data is for better

defining the complex density structure from 90 to 120 km. Only a

handful of soundings have been used as a basis for deriving

structural models of the thermosphere, yet as Figure 1 shows there

has been a large increase in the number of soundings obtained in

recent years. In addition to providing a better grasp of boundary

conditions for thermospheric models (Thomas, ref. 29), improved

knowledge will permit more definitive investigation of the influ-
ence of variable solar activity at these altitudes (Lindblad,

ref. 30; Ellyett, ref. 31).

We have sought to indicate, through a few examples, that the

sphere density and wind data are, with rare exceptions, reliable

over definable ranges of altitude. Temperatures should be reliable

at two scale heights below the first altitude of density data, but

the oscillations in temperature, which either are of greater ampli-

tude than those encountered in rocketsonde profiles or are some-

times not present in the latter, need further study. It is rec-

ommended that this problem be given special attention, since the

full utility of the temperature data cannot be achieved until the

reality of the oscillations is ascertained. Other problems for

investigation are the apparent systematic difference in densities

based on sphere versus thermistor soundings, the accuracy of the

available drag data, and the possibility of large vertical motions

which might at times affect the sphere results. With regard to

high-altitude data from spheres with fast descent rates, consider-

ation should be given to determining an optimum smoothing interval

which at the same time suppresses radar error and preserves small-

scale atmospheric structure. Finally, it is recommended that

comparative experiments in the future be conducted preferably in

winter in high latitudes, under conditions which favor the unam-

biguous separation of observational error from true variability.
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APPENDIX

PHYSICAL EQUATIONS FOR REDUCTION OF SPHERE DATA

Atmospheric
Variable

WIND u = x -

Complete

Equation

(z - w)(x + C x - Bx)

_ + C - B
z z

(la)

Simplified

Equation

Nu=_
- g

(ib)

u, horizontal west-east component

w, vertical motion (atmospheric)

g, acceleration of gravity

C,B Coriolis, buoyancy forces

Equation for v, the horizontal south-north component,
is similar. The total wind, V = (u + v2)i/2. For

generality, the Coriolis and buoyancy forces in (la)

are retained in the ROBIN program. C is judged

significant above 90 km (ref. i). The buoyancy force

B = (V) Bpg, may be large below about 30 km. In the
simplified equation (ib), vertical motion and

horizontal Coriolis and buoyancy forces are neglected.

This eq. is used after collapse of ROBIN balloon.

Under certain conditions, the acceleration or

"response" term, _ x/(z - g), might be neglected if

u q x, but Engler shows that error due to neglect of

this term may be very large at high altitudes and

does not recommend the use of the approximation.

DENSITY In general, F D = I/2pV2C_ = ma D

i.e. , p =
2ma D

V2CD A

For ROBIN P =
2m(g z - z - Cz) _ -2m(_" - _)

CDAV(£ - w) + (v)Bg z P = CDAVZ

(2a) (2b)
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TEMPERATURE

APPENDIX (Continued)

In (2b), Coriolis and buoyancy forces and vertical

motion are neglected. This is form of eq. commonly
used.

In general, _p/_z = - pg; p = pRT.

Integrated hydrostatic equation,

i/zZ° -_T = _-_ og dz + TO i Z PoT : _ ;g_ + _ TOP

(3a)

z is starting altitude.
o

Mathematical symbols not defined above:

x, _ dx/dt, d2x/dt 2, etc.

A

a
D

C
D

H

m

P

R

0

ST

T,T

V B

(v)_

Eq. (3b) is used.

sphere cross-sectional area

drag acceleration

drag coefficient

temperature lapse rate, dT/dz

pressure scale height (H = RT/g)

sphere mass

pressure

gas constant for dry air

air density

standard deviation of temperature

temperature, mean temperature

sphere velocity

sphere volume

(3b)
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Figure 2.-Variation in amplitude of indicated wind oscillations

due to choice of data fit. (Adapted from Figure 9, Engler,
ref. i, which shows additional curves for other fits.)
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DATA FROM FALLING SPHERE EXPERIMENTS INCLUDING

COMPARISON TESTS BETWEEN DIFFERENT SYSTEMS*

Lawrence B. Smith

Sandia Laboratories

Albuquerque, New Mexico

SUMMARY

A discussion is given of the falling sphere program conduc-

ted by Sandia Laboratories. The 30 experiments conducted between
October 1964 and June 1969 are categorized according to their

results. The results from a series of comparison tests made in

May 1968 between a variety of systems used to measure density are
also discussed with emphasis on possible system errors. It is

concluded that more effort needs to be expended to determine the

size of errors arising from drag coefficient uncertainties and

velocity and acceleration measurements.

INTRODUCTION

The falling sphere program at Sandia started in October 1964

with units provided by the U.S. Navy from a discontinued program

at Kwajalein. Since that time we have conducted 30 such experi-

ments mainly launched from Kauai, Hawaii, but also from Johnston

Atoll and Tonopah Test Range, Nevada. This system uses the 66-cm

diameter passive sphere designed an d developed by Peterson, et.

al., at the University of Michigan. _ Although there are 3 spheres

per Nike-Cajun payload, it has not been possible to obtain simul-
taneous data from all three because of a lack of precision radars.

Thus at Kauai the NASA FPS-16 man-in-space radar at Kokee has

been our primary tracking unit. Contiguous to the Sandia launch

site is the Navy Bonham Air Landing Field which has a number of

less precise radars and usually one MPS-25. Position data from
radars other than the FPS-16 or MPS-25 have not been usable for

density calculations, although I do hope to combine their output
with the other tracks for study on atmospheric dispersion. In an

operation the Kokee unit is requested to track the first sphere,
the MPS-25 to follow the second, and an MPS-26 or equivalent to

track the third.

From October 1964 through June 1969 we have conducted 30

falling sphere experiments. The results have been:

*This work was supported by the Atomic Energy Commission.
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21 experiments where density, temperature, and wind data were

obtained from at least one sphere

3 experiments where radars did not acquire sphere (all three
at Johnston Atoll)

5 experiments with improper sphere inflation

i experiment with radar computor malfunction

Of the 5 spheres listed as improperly inflated, 2 were ejec-
ted at too low an altitude as a result of rocket or payload mal-

function, and the other 3 showed slow fall rates indicating under-

inflation. As with most sphere experimenters we verify the fall

rate versus altitude of each sphere with a mean from many observa-
tions. Underinflation was also implied by the fact that these

spheres were from a new group whose shelf life had not been veri-

fied. A check of the remaining units in the group indicated

several with less than the original 8 grams of isopentane.

In the 3 experiments where the FPS-16 radars did not acquire
any spheres, the problem was believed to be operator and not sen-

sor related. With all 3 the radar operators were inexperienced

in sphere operations. A signal-to-noise ratio of greater than

i0 db is usually observed. A description of these operations and

a compilation and analysis of the data from 15 of these experi-
ments is provided by reference 2.

CD

P

SYMBOLS

drag coefficient

mathematical technique for checking sphere inflation

density

%

%

root-mean-square range error

root-mean-square angle error

COMPARISON TESTS

On May 16, 17, and 23, 1968, a series of 14 individual rocket

systems were launched from Kauai on a closely coordinated sched-

ule. The purpose was to measure atmospheric density by several

different techniques and compare results. The following schedule
was maintained :
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In the above, the Arcasonde and the passive and instrumented
falling spheres are operational systems. The ionization gage pay-
load on a Nike-Tomahawk contains 3 cold cathode and one hot

cathode gage. The 02 absorption experiment used photometers _-

board a N_ke-Tomahawk to observe the attenuation in the 1600 A
and 1216 A lines of the solar spectrum on both ascent and descent.

This system included an automatic pointing system (ACS). The 02
profile with height was converted to mass density by assuming a

N2/O 2 rate of 4 to i. The ram and static pressure system was the

standard instrumented probe on a Nike-Apache. Pressure inside

the probe was measured by Metro-Physics thermocouples and rela-

ted to ambient pressure across the shock wave from wind tunnel

tests on this probe geometry.

Figure i shows observations of density taken over a 4 hour

time interval by the instrumented sphere, the passive sphere, the
radiosonde and the Arcasonde. Between 72 and 95 km the sphere

data differ by as much as 30 percent. Results on the second day

are indicated in Fig. 2 where measurements by the optical and the

probe pressure techniques are also included. At these altitudes

quoted uncertainties in the optical data are of the order of + 20

percent and those of the probe data are i0 to 15 percent with the

greater uncertainty in these probe results on the positive side.

In Fig. 2 data from other systems fall between the density pro-

files from the instrumented sphere as a lower limit and the pas-

sive sphere as the upper limit. Except for the region above I00

km all measurements indicate a notable similarity in their varia-

tion with altitude. Above i00 km the sphere data diverge signifi-

cantly. Between 70 and I00 km comparison with the other measure-

ments is not conclusive because of the large error bars. Below

about 60 km, comparison between passive sphere, pressure probe,

Arcasonde, and radiosonde shows very good agreement. All dif-

ferences are less than i0 percent, a result which can easily be
attributed to small time and space variations. Such variations

have been observed by a variety of other sounding techniques in

most of the altitude region between 30 to II0 km.

Passive sphere experiments 154-110 and 154-111 indicated normal

flights on the basis of their fall rate versus altitude as shown in Fig. 3
and on the basis of their acceleration and velocity on an expan-

ded altitude scale as shown in Fig. 4. A k check as suggested

by Engler _ was also made on both flights at the altitud_ of
acceleration maximum. The results of 1.6 and 1.2 x 10 -_ m -1

were well within the limits proposed by Engler for slightly lower
altitudes. It is thus assumed both Sandia spheres were properly
inflated. No such checks were made on the AFCRL sensor but the

experimenter expressed confidence that the sphere inflated
proper ly.
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In an attempt to at least indicate the reason for the ob-

served density differences in the sphere data, comparisons be-

tween pertinent parameters from four sphere flights are
listed in Table I. The four flights consisted of two instru-

mented spheres (IS) and two passive spheres (PS). Differences

between the two types of systems are given as percent difference

in density but as absolute difference (a)in other parameters.

TABLE I

Launch 2300 and 0015 LST on 16 and 17 May 1968

Altitude

km
Density ^

gm/cm3 x i0 _ Mach No. Reynolds No.

IS PS D ff IS PS A IS PS A

99

95

90

85

8O

75

0.6 0.8 -25

1.2 1.0 20

2.9 3.9 -24

7.2 7.0 3

16.6 20.3 -18

37.1 47.7 -22

4.9 3.3 1.6

5.2 3.1 2.1

5.5 3.5 2.0

5.6 2.9 2.7

5.6 2.6 3.0

5.4 1.6 3.8

17 35 18

33 46 13

86 203 117

209 270 61

578 765 187

1090 1070 20

Drag Acc_l.

CD m/sec z

IS PS A IS PS A

Fall Speed
m/sec

IS PS A

99

95

90

85

8O

75

1.6 1.9 0.3

1.4 1.8 0.4

1.2 1.3 0. I

i.i 1.3 0.2

1.0 1.2 0.2

1.0 i.i 0.i

0.2 -4.9 5.1

0.4 0.7 0.3

0.8 10.3 9.5

2.0 19.0 17.0

4.4 32.6 28.2

9.6 17.0 7.4

1417 951 466

1443 964 479

1472 945 527

1499 873 626

1519 702 817

1525 427 1098
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Launch i000 and ii00 LST on 23 May 1968

Altitude

km
Density

$m/cm 3 x 109 Mach No.

IS PS D} f f IS PS A

Reyno ids No.

IS PS A

i00

95

90

85

8O

75

0.4 0.5 -19

1.5 1.3 15

2.0 3.4 -41

6.6 9.2 -28

15.4 18.8 -18

34.2 42.3 -19

4.9 1.6 3.3

5.2 2.2 3.0

5.5 2.1 3.4

5.6 2.2 3.4

5.7 1.8 3.9

5.4 1.3 4.1

14 12 2

33 65 32

86 98 12

209 297 88

508 465 43

1092 766 326

Drag Acc_l.

C D m/sec =

IS PS A IS PS n

Fall Speed
m/sec

IS PS A

i00

95

90

85

8O

75

1.6 2.4 0.8

1.4 1.6 0.2

1.2 1.5 0.3

i.i 1.3 0.2

1.0 1.2 0.2

1.0 1.0 0.0

0.2 -8.5 8.7

8.9 -5.9 14.8

4.1 -2.1 6.2

1.8 6.2 4.4

0.8 i0. i 9.3

0.4 10.8 10.4

i411 520 891

1446 568 878

1474 605 869

1500 598 902

1522 517 1005

1529 374 1155

For the altitude region of interest the spheres are in transitional flow
between continuum and free molecular flow. The literature shows quite a

variance or scatter of the drag coefficient data in this regime and accordingly
this parameter is the most readily suspected as the cause of the differences.
The Sandia program uses University of Michiganl derived drag tables which
are based on measurements by Ashkenas4 and May5 for the transitional

region and on measurements by Goin6 in the subsonic region. From Mach
2.5 to 4 these coefficients are considered independent of Mach number. The
AFCRL coefficients were taken from measurements by Sims7 and Aroesty.8

These appear to be quite independent of Mach number although this is not so

stated by the authors.
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If drag coefficient uncertainties are not the fundamental

cause of the differences, the problems must be in the determina-

tion of velocity and acceleration since the only other parameters

are area and mass and both are carefully measured. The passive

sphere depends upon position versus time coordinates provided by
the radar to determine velocity and acceleration.

At the time of this writing no empirical data were available

on the magnitude of radar tracking errors in the I00 km region.

However, if the results quoted by Engler3 can be extrapolated to

the 80- to 100-km layer, the contribution to the density from

radar tracking errors is less than 3 percent. This estimate re-

sulted from a comparison of densities calculated from two inde-

pendent FPS-16 radar tracks of the same balloon. The validity of

this extrapolation is enhanced by the fact that Engler's data
show the variation increases with decreasing altitude. Thus the

maximum difference in densities was found in the 50-60 km layer

rather than in the higher 60-70 km layer implying it may be
less above 80 km. Also, the difference was nearly independent

of the type of smoothing. A similar experiment for altitudes
between 80 and ii0 km is to be conducted at White S_nds this
month.

An attempt was made to compute the effect of tracking errors

by generating a fictitious set of position data which incorpor-

ated random radar errors. The regular computer program then
used these fictitious data to compute new accelerations and ve-

locities from which new densities were calculated for comparison

with the real time data. Each new coordinate was generated by

a Monte Carlo process that algebraically added to the real time

range and angle value the product of a random number and an
assumed RMS radar error. The random numbers were taken from a

normal distribution with zero mean and unit standard deviation.

The above technique was tried with 2 sphere experiments

with results as shown in Table Ii. Although errors frequently

quoted for a well maintained FPS-16 are a c = 0.i mil in angle

and aR = 5 meters in range, the tabulated results are based on
more conservative errors as given. Each coordinate was assumed

to be independent of the others and no correlation was assumed

between the measured parameters or with themselves i.e. range
error was not assumed to depend on distance or angle to 'target,
etc.

Table II shows the percent deviation in density as computed using random
number generation of sphere position data relative to densities obtained from
original real time data. Radar errors are given as RMS percent for

e = angle error in degrees and R = range error in meters. Apogee altitudes
for experiments 154-110 and 154-111 were 144 km and 152 km, respectively.
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TABLE II

Percent deviation in density

Altitude Experiment

km 154- ii0 154- iii 154 - ii0 154- ii i

_e = 0.001° and _R = i0 in _c = 0.0005o and _R = 10 m

i00

99

98

97

96

95

94

93

92

91

90

<90

1.9

-0.i 4.5

3 .i ii.0

-0.5 3.8

-2.6 3.4

-2.8 3.6

-3.0 2.2

-2.2 3.7

-0.8 2.2

0.6 1.6

0.7 1.2

<i <0.6

0.2 -4.7

0.4 -2.3

-0.4 7.6

0 -1.5

-0.6 0

-0.2 0

-0.4 0.5

0.2 1.2

0.2 0.7

-0.2 0.2

0 0.3

<0.2 <0.4

On the basis of Table II random radar tracking errors are

generally less than 3 percent. It is, of course, possible that

a fixed bias causing errors may exist. However, in view of the

excellent equipment and operating personnel at the NASA Kokee

site it appears unlikely that these real time coordinate data
were so skewed.

One other possibility exists. The velocity-position data

from the instrumented sphere reduction is obtained from integra-
tion of the telemetered acceleration measurements. The begin-

ning altitude results from a radar track while each subsequent

position and sphere velocity is a sum of previous values. An
error in each such determination would be cumulative with an

unknown magnitude.
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CONCLUSIONS

The comparison tests described in this paper have shown

that the falling sphere technique provides atmospheric data in
good agreement with other systems from 30 to about 70 km. The

technique is also capable of altitudes much above 70 km although
these tests indicate the errors in density so derived may be as

great as 20 to 30 percent, significantly greater than the usual

5 to i0 percent error quoted. It is not apparent what causes

such errors nor is it apparent whether they are unique to one

of the two types of spheres described here or if they result from
an accumulation of several small errors.

The literature provides a variety of drag coefficient data

for the transitional region. One highly desirable product of

this conference would be to standardize such data so that sphere
experimenters would at least have a common input. The new tech-

nique of computing coefficients by a Monte Carlo calculation
shows promise and could be used.

Additional studies are needed on the accuracy of radar

tracking and the possibility of cumulative errors in the velocity-
position data from the instrumented sphere.
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RESULTS FROM SEVERAL EXPERI]IENTS AT WIIITE SANDS MISSILE RANGE

AIMED AT ASSESSMENT OF FALLING-SPHERE DENSITY DATA

]_y Robert Olsen

Atmospheric Sciences I,aboratory

U.S. Army Electronics Command

White Sands _[issile Range, New Mexico

• U_E'IAR_

Density measurements utilizing inflatable passive falling spheres were

made at White Sands _fissile Range. Two different rocket vehicle systems,

the Viper balloon dart system and the Super Loki balloon dart system, _Tere

used to deploy the sphere at apogee to demonstrate the capabilities of each

of these systems in providing high-altitude data. Five sets of density data

computed from a total of fourteen flights were compared with density data

derived from rocketsonde soundings and the 1966 Standard Atmosphere. A

negative density departure from the 1966 Standard Atmosphere was sho_m to

exist between 70 and 80 kin. Two sets of density data were derived from each

flight, with the exception of the first flight, one utilizing the Sandia

drag table the other the University of Minnesota drag table. The difference
lO_V

between the density values using the two tables can be as great as _-,_.

Density data computed from these flights were compared with density data

derived from rocketsonde soundings and the 1966 Standard Atmosphere. These

comparisons indicate varying agreement; ho_.,_ew_r,no conclusions can be made

because of the limited number of comparisons. One flight compared densitv

differences derived from the radar tracks of two FPS-16 radars tracking tl_e

same sphere. These differences were _ithin + 1Z throughout the vertical

profile. Some of the problems encountered in acquiring density data from

approximately 40 to i00 km and some of the areas in which the sphere data

may be questionable are discussed.

INTRODUCTION

The Atmospheric Sciences Laboratory at Uhite Sands '_!issile Range pro-

vides upper atmospheric data to Range Projects. In support of these mis-

sions, surface observations, radiosonde releases, and rocketsonde launches

are made to provide a vertical profile of the atmosphere from the surface to

65 km.

Recently, several of these programs, particularly those involved in

reentry studies, have specified a requirement for density data up to I00 km.

This increased altitude is beyond the capabilities of the usual Io_ cost

operational sensors and vehicles; thus, a different technique or method must

be developed to meet the new requirements.
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The system which demonstrated tile most promise as a density measuring

tool at altitudes above 65 km is tile passive falling sphere being developed

by the Air Force Cambridge Research Laboratory (ref. i). Its advantages as

an operational system for use at a missile range are low cost relative to

other density measuring systems, basic operational simplicity, and tracking

by AN/FPS-16 radars, which are the radars utilized at missile ranges. Two

different rocket vehicle systems were available, the Viper and Super Loki

(ref. 2) which can deliver the inflatable i/2-mil _,lylar sphere to apogees in

excess of 125 km at W]lite Sands Missile Range. The apogee performance of

these rocket vehicles is aided by the higher launch elevation of approxi-

mately 1200 meters mean sea level (HSL) at the Range. This performance

satisfies the apogee altitude of approximately 125 km required to derive

density data from 40 to approximately I00 km.

Plans were made to flight test both configurations and establish the

upper limits of density data that could be derived from both systems. The

advantage in utilizing the smaller Super Loki rocket motor rather than the

larger Viper rocket motor was lower cost. It was believed that the Super

Loki system could be used when there was no stringent requirement for
density data to i00 kin, and data bet_een 90 and 95 km would suffice.

Nine Viper and five Super Loki balloon dart systems were employed in

determining the operational characteristics and density measuring capa-

bilities of these systems. Two computer programs were provided by the

University of Dayton Research Institute (ref. 3) through the U. S. Air Force

Cambridge Research Laboratory. The first program contained the drag values

derived at the University of Minnesota hereafter termed the Minnesota drag

table (ref. 4), a second program contained the sphere drag values from the

Tullahoma ballistic range hereafter termed Sandia drag table (ref. 5). It

was necessary to derive densities using both programs since there was a

difference in the drag coefficients reported by the two investigations

resulting in differences in derived densities using the same input data.

FLIGIIT TEST PROGPJU_

For comparison purposes, each sphere launch (table I), except the

second Super Loki and second Viper, was made with a supporting rocketsonde.
In most cases, two FPS-16 radars were used with each launch to determine

whether radars tracking the same falling sphere would yield similar results.

Comparisons were also made bet_een two sphere flights when the time lag

between launches did not exceed 48 hours. In all cases when density data

were derived, a comparison was made with the seasonal 1966 Standard Atmos-

phere. These comparisons were made with both sets of drag values, those

derived from the Minnesota drag table and those derived from the Sandia drag
tables.

Each of the launches from which density data were collected is dis-

cussed, beginning with the Viper launches, and following with the Super
Loki launches.
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Viper i was launched 14 January 1969, at 1205 hours HST, followed 1)y a

rocketsonde launch at 1310 MST. Two FPS-16 radars were used to track the

sphere; however, good radar track data _Tere received from only one of the

radars, and one set of density data ,..:asderived by using the ?Iinnesota drag

table. These data were compared ,_ith the 1966 Standard Atmosphere, January

30°N, a mean wintertime density profile derived from eight rigid failing

spheres (ref. 6) and the rocketsonde densities (fig. i). The dominant fea-

tures exhibited by this sounding when compared with the 1966 Standard Atmos-

phere are the positive density departures at approximately 90 and 58 km and

the negative departure in the 74 km region. This type of oscillatory patterm

has been noted by other researchers botI_ in theory and enpirJcal data (ref.

7) and could be attributed to the diurnal effects of the upper atmosphere, or

to the data from the Standard Atmosphere. Upon inspection of figure I it

can be seen that, in the upper portions of the data, the trends or slopes

are in agreement, with the positive--to-negative departures crossing near the

same altitudes. The sphere data show a large negative departure, M_ereas

the mean density data are negative but to a lesser degree.

The large negative departure between 80 and 70 km may be due to the

inaccuracies in the drag coefficient for spheres in the transonic region,

since it is very difficult to deternine drag values accurately in this re-

gion.

The comparison between the sphere m_d rocketsonde data indicates good

agreement from 51 to 48 kin, at which point the t_o sets of data diverge

markedly. At approximately 42.5 the sphere co]lapses and cannot be used to

compute densities because it is no longer a sphere. A graph of the density

ratio between the sphere and sonde is shmm in figure 2, where the density

departure becomes as much as 12 percent. This difference becomes somewhat
difficult to resolve as the sonde should have an increased accuracy at levels

below 50 kin. Densities using the program _,,ith the Sandia drag tables were

not derived because the original data tapes _ere mistakenly degaussed hefore

this was accomplished.

Viper 2 was launched the following day at 1230 MST, with one FPS--16

radar scheduled to track the falling sphere. The apogee altitude and point

of deployment of the inflatable sphere was 147 l-re. Density data could not

be derived at an altitude of 97.5 kin, when the resultant accelerations of

drag and gravity became greater than -3 m sec -2. At 94 km the first density

value was derived because of the limitation of the drag table in the low

Reynolds number regime at the higher altitude. After this point, density

data were derived to an altitude of 78.5 km, where the radar track data

appeared to become erratic down to 66 km. Densities were again able to be

computed from 66 to 54 km where the sphere collapsed. Figure 3 is a plot

of the density departures derived from the Viper 2 launch and utilizes the

Minnesota and Sandia drag tables compared with the 1066 Standard Atnosphere.

From 94 to 90 km some variation is shown; from 90 to 80 kin, both programs

yielded identical results; and be!o_ 78 kin, data are not available from

either program until 66 kin, after which point tlte departure values exceed a

density ratio greater than two. The density data throughout the vertical
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profile appears questionable because of the hJgh density vslues, this being

particularly true be]o_,1 66 1:m. This may have been due to the poor quality

of radar datc_ which indicated sor_e type of radar tracl:ing problem bet_een
66 and 78 |u.1.

Although the density data from Viper 2 appear to be questionable, the

densities computed by the two different dra_ tables _Tere compared to deter-

mine at _hat point the derived densities deviated. Figure 4 shows some

disagreement at the upper end of tl_e data and then idei_tical results from

90 to 78 1_m; at 66 kin, the t_o drag tables begin to give different density

values, _$ith maximum departures of 12 percent from 58 I:m to 1_alloon collapse
at 54 kin.

Flights of Viper g and 9 were the next analyzed. These t_o rounds

were launched as part of a special series (ref. 8). This series consisted

of nine rocketsonde and t_o sphere launches over a four-hour period. Viper

8 was launched at II00 hours Uountain Daylight Time (7_T) on 9 I'[aywith a

supporting rochetsonde launched at 1300 _DT and Viper 0 _as ]aunched the

next evening (i0 _L_y, 2000 _)T).

The density data from Viper 8 (fig. 5) indicste a negative departure

from the 1966 Standard Atmosphere. Two sets of density data were plotted

by utilizing the different dra_ tables. The first density value corlputed

from the Hinnesota drag table was at an altitude of 76 kin, whereas the first

value computed from the Sandia drag table was at 82 km. The differences in

altitude of ti_e computed densities are possibly due to the more complete

Sandia drag table in the particular flow regime experienced by the sphere

which was deployed at a lo_er altitude (92 kin) than normal. _N_en the density

departures are compared, it can be seen that from 76 to 72 kin, the density

departures from the Hinnesota data are less negative than those computed

from the Sandia data. At 70 kin, this trend is reversed and continues do_n-

ward to 42 km, the difference bet_een the values increasing to 14 percent at

42 km. Figure 6 depicts the density ratio bet_.seen ?linnesota and Sandia drag

tables and indicates more clearly the difference in density data derived
from each of the tables.

Figure 7 sho_s the density departure determined from data obtained by

two FPS-16 radars trac1_ing the same sphere. The difference in derived den-

sities from both radars does not exceed + 1 percent. Figure 8 shows the re-

sults of the two sets of density data compared with density data computed

from the supporting rocketsonde measurement. The data derived from the

Sandia table appear to agree more favorably, although the region from 49 to

44 hm exhibits rather large positive departures. The density data using

the Hinnesota drag values show poorer agreement, the values being less than

the rocketsonde measurements throughout the same region of measurement.

Results from the comparison of data from Viper 9 to the 1966 Standard

Atmosphere are plotted in figure 9. This profile sho_Js mostly negative

departures, the largest departure occurring at 76 km. Figure i0 compares
both sets of density data derived from the sphere with the rocketsonde
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density data. lu this case there is better agreement between the densities

derived from the }_innesota drag table, with departures from t1_e sonde data

being no greater than 5 percent. As mentioned previouslv Viper 9 was

launched in conjunction with a short-term density variabilitv study. The

results of this investigation indicated the average density difference in

a vertical layer from 58 to 40 hm to be 4 percent over a four-hour period,

and the variability between tvo rochetsondes fired almost simultaneously

was less than 1 percent. Therefore, a conclusion may be dra_m that the

variability due to the instrumentation is small and the density varied
approximately 3 percent; however, the variation between the density data

derived utilizing the Sandia drag antl the rochetsonde densities at the same

altitudes is frou a minimum of approximately 5 percent to a maximum of 13

percent. Figure ii provides a comparison of the variation bet_een the dav

and night soundings, the two systems being compare(; vith each other. The

sonde data indicate that daytime densities were greater than nighttime den-

sities, whereas the sphere data sho_J a negative departure at 58 hm _d then

a positive departure at 60 l_. The sonde data agree with a previous study

made at the White Sands Missile Range which indicated t]:e maximum densities

at these altitudes to occur during the daytime (ref. 0).

The set of densities from Super Loki 2 _as compared to the seasonal

1966 Standard Atmosphere and the mean densities from the rigid sphere _:ith

the results plotted on figure 12. Density values were derived beginning at
91 km because above this altitude the Reynolds numbers were too low. _oth

sets of density data are plotted and are the same down to 72 k_, at _hich

point the two sets begin to deviate. There is a large negative dep,_rture

throughout most of the profile, the maximum departure being at 74 hm.

DIECUSSION

The results from the flights of the Viper and Super Loki |)alloon dart

systems at White Sands 7_issile Range have demonstrated a capability of
increasing the heights of atmospheric measurements from 40 km to an altitude

between 90 and i00 kin. The available density data from the flights, exc(_pt

that of Viper 2, appear to have reasonable values when compared with the

Standard Atmosphere. There are some areas in _hich additional investigation

should be made to improve the density measurements. The amount of density
data derived from these flights was small, but this condition _as (lue to

several factors which can be minimized in the future.

Of the fourteen sphere launches, nine utilized tI_e Viper system an_J
five, the Super Loki system. Four of tbe Viper systems achieved a dart

apogee of under 60 lu_1_this io_ performance resulted fror_ a mechanical pro-

blem which caused poor dart separation. Once this problem was rectified,

the remaining vehicles performed satisfactorily. For each of t1_e Viper

launches, two FPS-16 radars were scheduled to track the vehicle. This step

was found to be absolutely necessary because in tile five Viper launches

that reached the required altitude, only one launc]_ received good ra¢!sr

track from the assigned FPS--16 radars. In three of the launches, one good
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radar track was received from the two radars, and in the case of Viper 6,

both radars lost track near apogee and did not reacquire the sphere until

it was down to an altitude of 38 kin. It is believed that the problem of

radars losing a track on the dart can be reduced once the radar personnel

become familiar with the performance of the Viper system.

A similar radar problem was encountered with the Super Loki and perhaps

intensified since the acceleration of tl_is dart vehicle is the same as that

of the Viper but the radar cross-sectional area of the dart is smaller.

The radars were able to track only one of the five Super Loki flights

successfully. On the first flight, the target was lost by the radars at 69

km and was not rcacquired until it was at about 44 km. On the second flight,

a good radar track was obtained with one of t_.7oFPS-16 radars scheduled to

support tllis flight. The vehicle achieved an apogee of 129 kin, and density

data were derived from 91 to 58 km; thus, the Super Loki system proved to

be capable of collecting high-altitude density data. On the next flight,

the radars did not acquire the target, and on the tv,o remaining flights,

the radars acquired the spileres below 60 kin. Although these initial results

were not completely satisfactory, it is believed that they can be vastly

improved with experience.

One of the problems exhibited by the sphere itself was the variation

in altitude at which the sphere collapsed; this collapse occurred any_fl_ere

between 58 and 42.5 km.

Density values could not be computed at altitudes above 94 km even

though the resultant acceleration was greater than -3 m sec -2 because no

drag numbers were available at Reynolds numbers below 150. This situation

proved to be the case with Viper 2 and 9 where the spheres _¢ere deployed at

approximately 147 and 146 kin. The same condition occurred with the Super

Loki launch where the sphere was deployed at 129 kin, and densities were not

computed until the spllere reached an altitude of 91 kin.

When the densities derived from the two drag tables _Tere compared,

there was no difference above 72 kin. From that altitude do_mward, the

differences became greater with an average difference of 12 percent between

40 and 50 I_. In rmst cases, the sphere had collapsed at altitudes above 40

km, but the data could still be used to indicate the difference in densities

due to use of the two different drag tables although the absolute density

values were incorrect after the sphere collapsed.

One of the dominant characteristics of the sphere density data as com-

pared with the 1966 Standard Atmosphere is the negative density departure

between 70 and 80 kin. This particular characteristic may be due to the

error in determining the drag coefficient under transonic flow conditions.

The agreement was generally unsatisfactory _hen a comparison _as made

between the sphere densities derived from the two different drag tables and

from the rocl_etsonde. The Sandia values were a little better for one

sounding than those derived from the Hinnesota drag table; for the other

sounding, the opposite was true.
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The lack of agreement in the overlap region could be attributed to

errors associated with both systems. In the case of the sphere svstem,

there might be some disagreement due to incorrect drag numbers, not precise

enough radar data or some other factor associated _ith computiny, densities

from passive falling spheres. The rocketsonde could also contribute errors

to the density due to temperature and height differences in the rocket and

radiosonde soundings or to errors in the observed thermistor temperature
(ref. i0). In a recent investigation, M. Kays and P. Avara found that a

height difference of 300 meters could bias the density at the upper levels

by 4 percent, while a temperature error of 2oc could result in an error of
less than 1/2 percent.

These results are preliminary, and additional launchings would be re-

quired to determine the overall performance characteristics of this system.

Since these are required data, effort should be put into this program which
provides density measurements between i00 and 65 km.
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CONCLUDING RE!lARKS

Some specific areas which require further research are discussed below.

Discrepancies in the density measurements between the fal!inF,-sphere

and rocketsonde techniques should be investigated. Careful consideration

should be given to the accurate determination of the radiosonde height for

tie on to rocketsonde by a radar track to eliminate possible bias error inthe
athe computed density _at=. Another possible method of circumventing

problem of errors in computing densities at rocketsonde altitudes is to in--

corporate a pressure sensor into the rocketsonde. This would eliminate the

requirement of a radiosonde pressure measurement for computing densities.

The drag curves from the wind tunnel and ballistic ranges should be

studied to determine their validity experimeT_tally. This might be accom-

plished by varying the ballistic coefficient and deployment altitude of

several spheres. These spheres would be deployed almost simultaneously in

approximately the same space so that each sphere _ould experience essen-
tially the same at_msphere. The spheres would be at different Mach and

Reynolds numbers at a given altitude, but each sphere should yield similar

density values at the same altitudes. Another method of testing the drag

curves would be to compare the density derived from the spheres and the

rocketsonde and use this overlap region to check other portions of the

curve. For example, the present sphere is transonic at an altitude between

70 and 80 km_ it mig]_t be advantageous to have the sphere become transonic

at a level at which density data are available from the rocketsonde. This

would enable the drag data to be checked against some other measurement,

and possibly an empirical determination could be made of some of the drag

values. If this cammt be accomplished, at least it could point to certain

areas in the drag curves which might require additional work.

The sphere itself might be more closely examined to determine its

sphericity.

More drag data should be made available at the lower Reynolds numbers

to compute density data to iO0 km.

A study should be made to determine which sphere drag coefficients are

valid in the subsonic regine_ those w_lues measured by Sandia Corp. or

those by the University of _linnesota.

_iost important comparison flights with other svstems and techniques

should be made. This would include such systems as the active falling

sphere, Pitot probe, _renades and other systems capable of making high-
altitude density measuret_ents. A measurement program of this type could

aid in determining the validity of tlle density measurement and could also

point out possible areas where the measuring techniques of the various

systems might be improved.
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METEOROLOGICALDATA FROM FALLING SPHERETECHNIQUE

COMPAREDWITH DATA FROMOTHER SOUNDINGMETHODS

By Wendell S.Smith

NASAGoddardSpaceFlight Center

SUMMARY

The objective of the Goddard Space Flight Center's Meteorological Sounding Rocket

Program is the launch and operation of sounding rocket experiments for making synoptic

global measurements of the physical parameters of the atmosphere between 60 and 150 km

and to relate the measurements to those obtained from experiments conducted directly

above and below this region. In the pursuit of this objective, approximately 50 soundings

per year are made of the stratosphere, mesosphere and lower thermosphere utilizing

primarily rocket grenade and pitot-tube experiments. It has been recognized that the

falling sphere technique offers some potential advantage over these other techniques in

terms of economy and operational flexibility provided that the basic accuracy of the

sphere technique can be established and maintained. Opportunities to obtain comparative

data have been sought, most recently utilizing a sphere which is deployed from a pod

mounted to the tail-fin assembly of a Nike Cajun or Nike Apache rocket carrying either a

grenade or pitot-tube experiment. The experiments conducted thus far indicate an aver-

age density difference of 3 percent above 70 km where the fall rate of the sphere is

supersonic and 8 percent below 70 km where the fall rate is subsonic. The difference

above 70 km would appear to be largely random (though the sample is smaller) while

below 70 km the sphere yields results which are consistently closer to the standard atmo-

sphere than the results of either the grenade or the pitot-tube experiments.

INTRODUCTION

The potential advantages of the falling sphere experiment over other techniques for

mesospheric and lower thermospheric soundings have been recognized for many years.

The Sensor cost is small when compared with payload instrumentation required to con-

duct grenade or pitot-tube experiments. The small volume and weight required permit

the consideration of a less expensive rocket delivery system. The simplicity of the air-

borne portion of the system would mean an inherently reliable system. In spite of these

potential advantages, the sphere system has not been widely incorporated as a tool in

NASA's research program owing largely to the fact that we have not yet developed confi-

dence in the accuracy or the repeatability of the sphere experiment. For the past decade,
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we have attempted to obtain comparative dataeither through the nearly simultaneous
launch of sphere andother payloads, through the deploymentof spheresfrom grenade
payloads,or most recently through the use of a "strap-on" spherepodwhich is positioned
on the tail-fin assembly of a rocket carrying another experiment. The results of the
earlier work havebeenreported by Jones and Peterson (ref. 1).

The "strap-on" version of the sphere experiment is an inflatable, 26-inch-diameter
mylar sphere. It is carried aloft on a Nike Cajun or Nike Apache rocket and, during the

ascent portion of the flight, is housed in a cylindrical pod which is about 13 inches in
1

diameter and about 23_ inches long. The mounting arrangement is shown in figure 1.

Each pod (two are required to balance the aerodynamic drag) is capable of housing a

sphere, an ejection system, a timer, and a power supply. Thus the entire sphere exper-

iment is self-contained, requiring no connections to the payload. The increased aerody-

namic drag and weight of the pods degrade the rocket performance by about i0 to 15 per-

cent. Upon reaching the desired time during the flight, the black powder charge in the

ejection system is fired and the sphere is expelled rearward out of the pod. The accel-

eration of the sphere causes the puncture of a small isopentane capsule that releases the

gas required to fully inflate the sphere. The radar systems, which up to this point in the

flight have been tracking the rocket, are then switched to track the sphere.

During 1968 inflatable spheres were successfully deployed from three rockets

carrying grenade experiments, and from one rocket carrying a pitot-tube experiment.

The falling sphere experiments and the pitot-tube experiments were performed by the

High Altitude Engineering Laboratory and the Space Physics Laboratory, respectively,

of the University of Michigan under contract with GSFC. These combined experiments

(one in February, two in July and one in November) were conducted from Wallops Island

and utilized either FPS-16 and/or FPQ-6 radar systems in order to track the spheres.

In each case the grenade or pitot-tube experiment was conducted on the upleg of the tra-

jectory and the sphere experiment primarily on the downleg of the trajectory. Thus, the

time elapsed between the sphere and other measurements is reduced to a few minutes

(on the order of 3 minutes at I00 km, lengthening to about 15 minutes at 30 km). Hereto-

fore, the temporal variation in the atmospheric parameters, in all but a few cases, has

been an uncertain factor in comparisons of two or more techniques.

RESULTS

The data from the four comparative rocket-borne experiments of 1966 are pre-

sented in figures 2, 3, and 4. Figure 2 contains density (in terms of percent of deviation

from the 1962 standard atmosphere) versus altitude information. In the first 3 plots of

figure 2 the sphere data are compared with data from rocket grenade experiments, while

294



in the 4th plot the spheredata are comparedwith a pitot-tube experiment. If one takes
anaverage of the absolutevalue of the difference over the entire height range, one finds
that the sphere data agreewith those from other techniqueswithin about6 percent. Fur-
ther, onefinds that the two techniquesdisplay different characteristics aboveandbelow
70km. Above 70km, where both the grenade andpitot-tube error functions are increasing
slightly with altitude, the difference betweenthe spheredata and those from other tech-
niques is only about 3 percent. Below 70km, the averagedifference betweenthe data
from the spheres andthe other techniquesis about8 percent. Whereas the 3 percent
difference above70km appears to be largely random in nature, the 8 percent difference
below 70km appears (within the confidencelevel that canbe obtainedwith 3 samples) to
bebiased in a consistent manner. That is, the spheredata consistently showless devia-
tion from the standardatmosphere thando those from the other techniques. Presuming
that the data from these experiments are not coincidental, an additional examination of
the sphere data handlingandreduction appearswarranted in an attempt to remove the
bias in the subsonicregime, as has apparently beendonein the supersonic regime
above70km.

The density data are usedin the falling sphere experiment to derive temperatures.
These temperatures are comparedwith the temperatures measuredby the grenade and
derived from the pitot-tube experiment in figure 3. Sincethe sphere temperatures are
derived by a differentiation process, the temperature differences do not automatically
"track" the density differences. However, the gross features emerge. In the firing con-
ductedon 1 February, the region where the density comparison is very good, naturally,
yields the best temperature comparison, anaveragedifference of 4° K. The two firings
in July, in which grenadedensities are greater than spheredensities, yield sphere tem-
peratures which tend to be higher than the grenadetemperatures. The pitot-tube and
spheretemperatures are consistent; the pitot-tube densities are lower than the sphere
densities, which results in a lower spheretemperature. The average temperature dif-
ference betweenthe four experiments conductedis 7° K.

The zonal and meridional componentsof wind are shownin figure 4 for the three
grenadeand sphere experiments. The pitot-tube experiment, which was the 4th experi-
ment in the density andtemperature comparisons, does not have a wind measuring capa-
bility. In general, the wind profile from the falling spheredisplays a greater amountof
small-scale structure. This is a predictable result, since the grenadeexperiment aver-
agesthewinds over a 2 or 3 km layer. The averagingprocess would be expectedto
increase the difference betweenthe two techniquesto a greater extent with winds than
with the other parameters dueto the more variable nature of the winds. In spite of this,
the averagedifference betweenthe grenadeand spherewinds is about 6 meters per sec-
ond. Contrary to the density data, the agreement is very good (differences of only 2 to
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3 meters per second)at 60km andbelow, with the differences increasing to 10to
15meters per secondbetween60and 70km.

CONCLUSIONS

The results of the four sphere and grenade or pitot-tube experiments are summa-

rized in figure 5. The salient features of this figure are:

1. Sphere winds which show very good agreement with grenade winds at 60 km and

below, and fair agreement at 65 and 70 km.

2. Sphere temperatures which on the average differ 7 ° K from grenade and pitot-

tube experiments. The recognized error in the grenade and pitot-tube experiment

accounts for 1.5 to 4 ° of the total difference.

3. Sphere densities which are closer by about 6 percent to the standard atmosphere

than densities derived from either grenade or pitot-tube experiments. The agreement

above 70 km is markedly better than below.

It is further offered that the primary obstacle toward the incorporation of the

falling sphere experiment in a program of synoptic measurements rests not with the

accuracy of the data, but with the requirement for an FPS-16 radar system or one that is

better. It is for this reason that GSFC is currently investigating the concept of utilizing

the relatively low-cost doppler tracking systems with the relatively low-cost falling

sphere payload through the use of a transponder sphere.
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Figure 2.- Density data, in terms of percent of deviation from 1962 U.S. Standard

Atmosphere, as derived from sphere and grenade or pitot-tube experiments

versus altitude.
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Figure 4.- Wind data, in meridional and zonal components, as derived from

sphere and grenade experiments versus altitude.
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